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Abstract
Corrosion is a grave concern for owners and managers of buried ferrous metal 
pipelines as it can cause structural degradation, which adversely affects the service 
life of pipes.  Leaks or ruptures caused by corrosion are commonly-identified 
problems in buried metal pipes which can lead to catastrophic failures, causing 
significant socio-economic losses for consumers and water utilities. Despite the 
periodic inspection of these buried pipelines and the development of corrosion- 
protection techniques, corrosion-induced deterioration of pipes remains a major 
problem globally, and billions of dollars are spent every year on the repair and 
maintenance of corroded buried pipes. Corrosion may alter the mechanical properties 
of metals due to chemical and microstructural changes at macro, micro or nano levels 
which impact their service lives. To date this has not been explored comprehensively 
for buried pipes by other researchers. Therefore, an understanding of the corrosion 
mechanism, its contributing factors and its influence on mechanical degradation is 
necessary for the corrosion protection of newly-installed pipes and the maintenance of 
existing pipes. In the research reported here, a variety of laboratory-controlled 
experiments were conducted to observe the variations in the mechanical properties of 
metal pipes in various corrosive soils and simulated soil environments to investigate 
the key factors influencing the corrosion of pipes in soils, including anaerobic 
bacteria. The coupled effects of varying acidity and saturation on the corrosion of 
gray cast iron specimens was explored by conducting laboratory experiments 
simulating underground corrosion. A correlation between the corrosion in soil and 
simulated soil of cast iron was performed for comparison with previous studies. Most 
experiments were conducted on cast iron and selected ductile iron, and mild steel 
specimens were also used in simulated soil solutions for the comparison of corrosion 
severity. Next, the effect of corrosion on their fracture toughness induced by different 
corrosive environments was investigated. Furthermore, hydrogen embrittlement of 
steel pipelines in soil environments due to the release of hydrogen during the 
corrosion process was also investigated. In addition, the variation in mechanical 
properties due to corrosion was assessed at micro and nano levels. Based on the 
analysis of various test results, it is concluded that corrosion has a substantial impact 
  iv 
on the mechanical properties of metal, thus highlighting a fundamental issue in 
current approaches to the design of new pipes and the condition assessment of old 
pipes. The results of the present study have widespread applications, including in 
corrosion protection and the service life prediction for new and ageing infrastructures. 
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CHAPTER 1 INTRODUCTION 
1.1 RESEARCH BACKGROUND 
Failures of buried pipeline systems (water, sewage, oil, and gas) due to corrosion are an 
inevitable concern for owners and asset managers in any country, as they reduce the service 
life of pipelines. The direct cost of replacing drinking water and sewage systems is about 
US$36 billion every year in the USA (Koch et al. 2002). In Australia, more than 70% of the 
water utilities are made of ferrous metal pipes (Worthington 2011). Failures of these water 
utilities cause financial losses and even sometimes accidents which lead to the loss of human 
lives. According to the Australian Corrosion Association official website (under cost of 
urban water infrastructure failure), the cost of corrosion failures associated with water 
services in Australia is A$91million per annum. In Australia, the failure rate is 20 breaks per 
100 km per year on average, and the replacement cost has increased by 10% annually since 
2006 (National Water Commission Australia 2010). The failure rate of buried pipelines in 
the UK and Canada is recorded as 39 breaks per 100 km annually (Li and Yang 2012). 
On 19 July 2017, a water main in the Adelaide central business district (CBD) suddenly 
burst during peak traffic hours, resulting in heavy traffic disruption and substantial financial 
losses (News channel South Australia). Similarly, sudden bursts of pipes in the USA and the 
UK and the consequent significant losses have been reported on news channels and in 
newspapers (CNN and BBC). These pipes are buried underground, which makes their 
inspection and maintenance difficult in any specific location, in addition to field conditions 
and environmental changes. The high frequency of pipe failures as mentioned above the lack 
of understanding and inaccuracy of current theories used for the prediction of failure of 
buried pipes. Although comprehensive research related to the corrosion failure of cast iron 
pipes has been carried out in various parts of the world funded by local research councils, 
e.g., the Australian Research Council (ARC) (Australia), the National Science Foundation 
(NSF) (USA), the Engineering and Physical Sciences Research Council (EPSRC) (UK), and 
the National Research Council (NRC) (Canada), these failures are still unavoidable.  
The external corrosion of buried ferrous metal pipes is a matter of prime importance among 
researchers, as it has been reported as the root cause of failure (Romanoff 1957; Kleiner and 
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Rajani 2001; Romer and Bell 2001; Asadi and Melchers 2017). For example, according to 
comprehensive surveys undertaken by the American Water Works Association(AWWA) 
(USA), almost 70 % of buried ferrous metal pipes fail due to corrosive soil, as shown in 
Figure 1.1 (Andrew and Graham 2001). A similar situation exists in different parts of the 
world, including Canada, the UK, and Australia (Coles and Manays 2012). The corrosive 
soil reacts with the exterior surface of buried pipes, which in turn results in the corrosion of 
pipes. Despite  previous and the latest research (Romanoff 1957; Kleiner and Rajani 2001; 
Romer and Bell 2001; Asadi and Melchers 2017), which has identified the factors 
influencing external corrosion of pipes, researchers are still trying to find the causes of and 
remedies for the external corrosion of pipes.  
 
 
 
 
 
Figure 1.1 Reported causes of corrosion of buried pipes (Romer and Bell 2001) 
There has been comprehensive and long-term research on external corrosion of pipes. For 
example, Romanoff (1957) carried out a long-term field investigation on buried pipes for 
which he buried ferrous metal pipe sections in various field soils in the USA. Based on his 
comprehensive study, the key factors influencing the external corrosion of buried pipes were 
identified for the first time. In Canada, although a number of studies have been carried out, 
Rajani’s (2002) work can be cited as a significant contribution related to external corrosion 
and the development of a methodology for determining the remaining service life of buried 
cast iron pipes. In Australia, a number of research projects related to the failure of buried 
pipelines have been completed. For example, an empirical model was proposed by Moglia et 
al. (2008) to predict the failure rates of cast iron pipes. Deghan et al. (2008) developed a 
non-parametric technique for the failure prediction of different classes of pipes. Gould et al. 
(2012) carried out an exploratory statistical analysis to investigate the effect of climate on 
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the failure rate of water pipes. Melchers (2013) suggested a bimodal model mimicking the 
multi-phase corrosion of grey cast iron with underlying general corrosion and the consequent 
localized corrosion in marine and atmospheric environments.  Based on these studies and a 
thorough and detailed literature survey of the external corrosion of buried pipes, the factors 
influencing the external corrosion of buried pipes in soils are encapsulated in Figure 1.2. 
 
Figure 1.2 Key factors affecting external corrosion of buried pipes 
Therefore, for the corrosion protection of newly-installed pipes and the maintenance of older 
pipes, in-depth understanding of the factors causing external corrosion of pipes in soils is 
necessary. Moreover, the accurate prediction of the future growth of defects in buried 
pipelines by statistical methods is a difficult task, due to the number of inherent uncertainties 
associated with the chemical and physical properties of soil, pipe material properties and 
imperfect measurement by inspection tools at field sites. As a result, there is at present no 
reliable empirical model for external corrosion which indicates the need to carry out research 
on the external corrosion of buried pipelines.  
Moreover, because of the frequent occurrence of sudden ruptures and catastrophic failures of 
pipes, especially of cast iron pipes, it is possible that such failures may be due to changes in 
the mechanical behaviour of the pipes induced by corrosion. The research literature related 
to the effects of corrosion on the mechanical properties of buried pipes is insufficient and 
very limited. The research presented in this thesis addresses the gaps in the current 
knowledge related to the underground corrosion of pipes and its effect on their mechanical 
behaviour. The factors influencing external corrosion of buried pipes are investigated, 
analysed and presented in the thesis. Moreover, the influence of these factors on the macro- 
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and nano-mechanical properties of buried pipes is examined and presented in the thesis. 
Finally, based on the experimental findings, various corrosion models as a function of test 
variables and changes in composition, and correlation models of corrosion between soil and 
simulated soil solutions are developed. Moreover, models related to the fracture toughness of 
cast iron and mild steel are developed. Finally, the yield strength of mild steelias correlated 
with the corrosion rate and compositional change. This adds to the novelty and 
comprehensiveness of the current research such that the results of the current study can be 
applied in the profession. 
1.2 RESEARCH SIGNIFICANCE  
The outcomes of the studies conducted in the present research presented in this thesis will 
advance knowledge of the deterioration of buried pipes and failure mechanisms due to 
corrosion. The decline in the mechanical properties of pipes due to the interaction of soil or 
simulated soil solution is critically analysed and explained in the present research, which has 
not been explored in this way before. Based on the outcomes of the current research, 
accurate prediction of pipe failure and the safe life of pipes can be achieved. This advanced 
knowledge will subsequently bring about technological innovations, e.g., innovative 
maintenance measures for deteriorated pipelines, guidelines on the design of new pipelines 
and the development of new pipe materials. These innovative technologies will sharpen the 
competitive edge of the Australian industry internationally.  
In addition to the contribution to scientific innovation and the advancement of knowledge 
related to material science and corrosion, the outcomes of the present research are manifold. 
It will assist asset managers and owners to devise repair and maintenance strategies for 
buried pipes. The improved serviceability of pipeline systems based on better understanding 
of pipe behaviour will emerge as a consequence of the current study. Accurate prediction of 
the safe service life and updated guidelines for the intelligent management of pipe assets 
based on the proposed models and methods will be possible, and hence, environmental 
pollution due to pipe failures can be minimised. Moreover, disruption of the daily life of the 
public due to pipe failure will be avoided. The outputs of the current research will also result 
in potential savings, based on preventing premature and avoidable failure of pipes. Further, it 
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will create a culture of pro-active and intelligent management of pipe infrastructure through 
research and innovation. 
Microbiologically- induced corrosion (MIC) is reported to be 50 % of the total cost of 
corrosion of buried pipelines (Javed et al. 2015). Although many researchers have conducted 
studies in the past to explore MIC, their research was of short duration and did not simulate 
the underground environment. In the present study, a close simulation of external corrosion 
is achieved by designing an innovative methodology for relatively long durations. In 
addition, the effects of bacterial corrosion on the mechanical properties are investigated. 
Hence, it is expected that the current research will prove its woth in the field of bacterially- 
induced degradation of buried pipes and more research will emerge as a consequence of the 
present research. 
Moreover, the influence of corrosive soil (real or simulated soil solution) is related to the 
fracture toughness of ferrous metal pipes in the current work. Further, the influence of 
corrosive environments is also related to the nano-mechanics of buried pipes. This will 
broaden the knowledge and boundaries of fracture mechanics by incorporating the influence 
of corrosion influence in the classic theory of fracture mechanics at macro- and even nano-
levels. It is expected that the present research will open the door for new research in the area 
of corrosion and fracture mechanics in other fields of engineering.  
1.3 RESEARCH AIMS AND OBJECTIVES 
The aims and objectives of the current research are as follows: 
x To investigate the key factors contributing to the external corrosion of buried metal 
pipes. 
x To explore the external corrosion mechanism incorporating anaerobic corrosion-
causing bacteria (Sulphate Reducing Bacteria).  
x To explore the effect of corrosion on the fracture toughness of ferrous metal pipes. 
x To understand the comparative corrosion behaviour of various types of ferrous metal 
pipes. 
x To find a correlation between corrosion of cast iron in real soil and simulated soil 
solution.  
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x To develop models for the prediction of corrosion (rates and maximum pit depth) and 
fracture toughness of cast iron and steel as a function of their corrosion and 
composition. 
Research questions 
Considering the above objectives and the literature survey reported in Chapter 2, the 
following research questions were developed: 
x What is the effect of varying acidity and saturation on the long-term corrosion of cast 
iron? 
x What is the long-term effect of SRB on the corrosion of cast iron in soil? 
x Is there a correlation between the corrosion of cast iron in soil and simulated soil 
solution? 
x What is the corrosion behaviour of different ferrous metals in simulated soil 
solutions? 
x What is the effect of corrosion on the mechanical and micro-structural properties of 
various ferrous metal pipes? 
1.4 RESEARCH SCOPE 
The scope of the current project is defined as follows: 
x Investigate the effect of key contributing factors causing corrosion of cast iron pipes 
in soils by laboratory experimentation (external corrosion).  
x Exploration of the effect of corrosion on the mechanical and micro-structural 
properties of buried pipes. 
x Investigation of external corrosion of mild steel and ductile iron in simulated soil 
solutions and its effect on their fracture toughness.  
1.5 THESIS STRUCTURE 
The thesis comprises eight chapters. A brief description of the contents of each chapter is 
provided below. 
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Chapter 1 contains the background and basis of the current research. It describes the scope 
and objectives and the limitations of the current research. The potential significance of the 
present research are also presented in this chapter. 
Chapter 2 contains a literature review explaining the gaps in research and the need for the 
current research. It includes all the key readings to date related to the corrosion of buried 
pipes specifically related to the external corrosion of buried pipes. This chapter critically 
discusses previous research to identify the key factors causing the corrosion of buried pipes. 
Studies conducted in the field, laboratory studies related to the corrosion behaviour of pipes 
in soils of varying moisture content, studies using simulated soil solutions with varying pH 
and in the presence of bacteria are reviewed in this chapter. Moreover, studies related to the 
effects of corrosion on the mechanical properties of buried pipes are also described.   
Chapter 3 contains all the experiments conducted during the study. It includes the 
experimental plan, the number of tests conducted, and the machines and equipment used for 
experiments. The following experiments and methods of conducting tests are explained in 
detail.  
1)  Corrosion of cast iron pipes in soils with varying pH and moisture contents.  
2) Corrosion of cast iron, ductile and mild steel in simulated soil solutions with varying pH. 
3) Corrosion and the corresponding influence of hydrogen on the macro- and nano-
mechanical properties of mild steel.  
4) Bacterial corrosion of cast iron in soil 
5) Experiments related to nano-mechanical properties.  
Chapter 4 provides a discussion of the observations, results and analyses of the experiments 
conducted on cast iron in soils. The effect of varying acidity and saturation on the 
corresponding long-term corrosion of cast iron is analysed and interpreted. Corrosion rates, 
corrosion depths, microstructural and compositional variation due to corrosion are explained 
in this chapter. Moreover, the influence of anaerobic bacteria on the corrosion of cast iron 
specimens in terms of corrosion rates and corrosion depth is presented. 
Chapter 5 provides a discussion on the observations, results and analyses of the experiments 
conducted on the corrosion of cast iron, mild steel and ductile iron in simulated soil 
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solutions. The correlation between the corrosion of cast iron in soil and simulated soil 
solutions, and the corrosion products, and microstructural and compositional changes due to 
corrosion are discussed. Comparisons of the corrosion behaviour of the metals and the 
compositional changes due to corrosion are also presented. 
Chapter 6 deals with the results and analysis of the fracture toughness testing of corroded 
cast iron, mild steel and ductile specimens. Moreover, a discussion of the results of the long-
term and short-term tensile testing of the mild steel specimens is presented. Finally, the 
results and analyses of the nano-mechanical testing of the selected cast iron, mild steel and 
ductile iron are also presented.  
Chapter 7 explains the statistical regression modelling performed on the results obtained 
from various tests. It presents the models developed for the corrosion of cast iron specimens 
in soils and the correlation model of corrosion in soil and simulated soil solution. Models of 
the effect of corrosion on the compositional change and fracture toughness of cast iron and 
mild steel specimens are also presented. Further, a model which defines change in the yield 
strength of mild steel with corrosion and compositional change is also developed and 
presented to conclude the chapter. 
Chapter 8 presents the conclusions and recommendations for future research.  
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CHAPTER 2   LITERATURE REVIEW 
2.1 INTRODUCTION 
This chapter presents a comprehensive literature review on the corrosion of buried pipes. 
Pipe failures due to corrosion and the consequent socio-economic damage remain inevitable, 
despite the availability of the latest corrosion protection techniques. Therefore, to address 
these existing problems, a research program was needed, for which a comprehensive 
literature review was carried out. It was essential to understand the current state of 
knowledge covering both practice and research gaps.  
Pipelines are designed for more than 50 years of service life which can exceed 100 years 
(Belmonte et al., 2008), but they fail long before this service life. For instance, the average 
service life is approximately only 47 years in the USA and Canada (Rajani and Marker 2000; 
Folkman 2012). Ageing, long service, damage to protective coatings internally or externally, 
improper repair and maintenance lessen the service life of buried pipes. For example, the 
failure rate of buried pipes in the UK and Canada is reported to be 39 breaks per 100 km 
annually (Li and Yang 2012), while in Australia, the failure rate is 20 breaks per 100 km per 
year on average and the replacement cost has increased by 10% annually since 2006 
(National Water Commission Australia 2010). From these statistics, it is apparent that pipe 
failure is a global issue with severe socioeconomic impacts. The occurrence of these failures 
is sudden without any warning. The situation becomes even worse when the reoccurrence of 
such failures happens, which indicates the inadequacy of current knowledge related to the 
failure of buried pipes. 
The mechanisms of pipe failure and the multiple factors in soil affecting it need to be 
understood and explored at a fundamental level, and the nature of both pipe behaviour and 
the factors affecting it need to be accounted for more accurately. Moreover, the influence of 
such factors (individually or in combination) on pipe behaviour, the susceptibility of pipes to 
failure or the extent of resistance to sudden burst need to be investigated by research. 
Without research, it will be impossible to prevent future unexpected failures effectively.  
10 
 
The current chapter includes the fundamental knowledge of corrosion and its forms, a review 
of the current understanding of underground corrosion science, and the leading causes and 
factors influencing the corrosion of buried pipes in soils. The influencing factors in soils, 
including pH, moisture content, temperature, resistivity, differential aeration, soil type and 
permeability, and the presence of sulfate-reducing bacteria are comprehensively discussed 
based on previous studies. The approaches adopted to investigate these factors both in the 
field and in the laboratory, the findings, limitations, and gaps in their studies are thoroughly 
reviewed in this chapter. Studies of the corrosion of pipes in simulated soil solutions are 
reviewed and discussed in this chapter. Basic knowledge of fracture mechanics and the 
literature on pipe degradation processes under the influence of corrosion-stimulating factors 
coupled with fracture toughness are reviewed. Furthermore, studies of the effect of hydrogen 
on steel pipe’s mechanical properties are presented in this chapter. Finally, in the summary 
section of this chapter, the gaps related to current knowledge of the corrosion of buried 
pipes, and its effect on their degradation are identified to form the basis of the current 
research.   
2.2 CORROSION SCIENCE  
This section presents a review of the fundamentals of corrosion science, including the basics 
of corrosion, various forms of corrosion, and their significance in understanding the 
degradation of metal over time. Moreover, factors influencing corrosion in various 
environments and a theoretical review of measurements that are generally applied to the 
evaluation of corrosion are presented. The significance of such fundamentals is manifold as 
they help in understanding material degradation due to corrosion in any particular 
environment, and assist in the development of theories and in explaining the mechanism of 
failure. In general, basic knowledge of the fundamentals related to any field is an essential 
prerequisite for carrying out professional work and research.  
2.2.1 Basics of corrosion  
Corrosion is a natural process, and there are many definitions of corrosion in renowned 
books on corrosion. For example, Fontana (1987) defines corrosion as “the destruction or 
deterioration of material because of its reaction with its environments.”  Davis (2006) 
defines corrosion as “a chemical reaction or an electrochemical reaction between a material, 
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usually a metal, and its environment that produces a deterioration of material and its 
property.” Recently, Revie (2008) defines it as “the destructive attack of a metal by chemical 
or electrochemical reaction with its environment.” 
An electrochemical reaction involves oxidation and reduction reactions, and at the anode an 
oxidation reaction takes place while at the cathode a reduction reaction takes place. These 
reactions form the electrochemical cell for the corrosion process. The electrons are liberated 
during oxidation (at the anode) and consumed by the reduction reaction (at the cathode), 
both reactions occurring at the metal surface.  Fundamental theories of electrochemical 
reactions in the soil environment are well established (Jack and Wilmott, 2011). The simple 
anodic and cathodic reactions for metals in the presence of oxygen and water can be 
expressed as follows (Ahmed 2006) 
                                             Fe ĺ Fe2+ + 2e-(Anodic)                                                        (2.1) 
                                        O2 + 2H2O + 4e-ĺ4OH (Cathodic)                                              (2.2) 
The following four factors are needed for an electrochemical corrosion reaction to take place 
in any environment: 
x A metal, where anodic and cathodic electronic transfer takes place (Roberge 2008) 
x An anode, where oxidation and metal dissolution occur 
x A cathode, where reduction occurs and electrons liberated by the anode are accepted  
x A conductive medium or ionic path between the anode and cathode through an 
electrolyte 
The above requirements along with the anodic and cathodic reactions are shown in Figure 
2.1 in relation to underground pipe corrosion. The rate of corrosion of any metal depends on 
the corrosivity of the electrolyte and variations in the potential of the metal surface due to 
the creation of anodic and cathodic sites. The presence of oxygen and water are the key 
corrosion-driving factors. However, some other chemical components, types of corrosive 
mediums and their properties, bacteria, etc., can accelerate the corrosion process and cause 
different forms of corrosion, which are explained in the next section.  
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Figure 2.1 Schematic of underground pipe corrosion  
2.2.2 Forms of corrosion 
After knowing the basics of corrosion, it is imperative to know about the various forms of 
corrosion and their severity in relation to metal deterioration with time. There are many 
forms of corrosion, as shown in Figure 2.2. However, the most important forms of corrosion 
relevant to the present work are explained in this section with a brief description. The forms 
of corrosion described in this section include uniform corrosion, localized or pitting 
corrosion and microbial corrosion. The other forms which are also important but are not used 
in the current research are crevice corrosion, temperature corrosion, stress corrosion 
cracking, galvanic corrosion, erosion, cavitation, fretting and inter-granular corrosion. 
Descriptions and details of these forms of corrosion can be found in books such as that by 
Davis (2006). 
 
Figure 2.2 Various forms of corrosion (originally by Davis (2006), modified) 
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Uniform or general corrosion 
Uniform corrosion, as is evident from its name, is uniform thinning or distribution or 
penetration of corrosion over the entire exposed surface of metal in any particular 
environment (Figure 2.2). Uniform corrosion occurs due to the presence of multiple anodes 
and cathodes on the metal surface at any given time (Davis 2006). It is a result of the 
continuous shifting of the anodic and cathodic areas on the exposed metal surface. Every 
metal is influenced by uniform corrosion, apart from stainless steels or nickel-chromium 
alloys, which are affected by localized attack due to their passive nature. Compared with 
other forms of corrosion, the impact of uniform corrosion on metal deterioration is not 
considered severe because of the ease of estimating uniform corrosion using a simple mass 
loss test, which is discussed in detail in later sections of this chapter. 
Pitting corrosion  
Localized corrosion results mostly in the form of pits and is therefore sometimes also called 
pitting corrosion. In pitting corrosion, small volumes of metal are removed by corrosion 
from certain areas on the surface to produce craters or pits that may continue to develop 
through the thickness of the pipe and eventually make holes. The diameters of pits may vary, 
but they are usually small in size. Variations in the cross-sectional shape of pits are 
explained in ASTM G 46-94(2013) (Figure 2.3). Pits may be segregated from each other on 
the surface or uniformly distributed so that they resemble a roughened surface. Finding pits 
visually can sometimes be difficult as they can be filled with a corrosion product which has 
no structural link with the remaining metal. Pipelines commonly suffer this form of 
corrosion and fail due to it (Rajani 2000). It is very detrimental to their service life as it 
generates perforations or holes, which can cause failure of pipes in the form of leaks, 
resulting in the continuous spillage of the liquid they carry if not rectified in time.  
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Figure 2.3 Variation in cross-sectional shapes of pits (ASTM G 46, 2013) 
In the laboratory, the initiation of pitting takes time until the protective oxide layer (passive 
film) of the metal surface breaks and causes pitting to initiate (Davis 2006). In addition to 
the loss of passive film, pitting corrosion can be caused by a single or a combination of 
different forms of localized corrosion. It may be due to material inhomogeneity at the 
exposed surface. Further, to emphasize the significance of pitting, it is mentioned in the 
literature that penetration due to pitting corrosion can be 10 to 100 times more than that of 
general or uniform corrosion (Davis 2006). Therefore, the importance of measuring pit depth 
in failure studies is undeniable. 
Excessive positive charges are produced due to pitting which cause the migration of chloride 
ions (pit initiators) into the pits (Figure 2.4). In addition, as a result of hydrolysis, high 
concentrations of hydrogen ions are also present in pitted areas. Therefore, both chloride and 
hydrogen ions accelerate the pitting rate (Davis 2006).  
 
 
 
 
 
Figure 2.4 Pitting corrosion 
METAL 
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Microbial corrosion 
As per literature, MIC is one of the types of corrosion which is induced by microorganisms 
which can cause degradation of materials. Therefore, in words can be regarded as a form of 
corrosion. Moreover, it is reported that Pope (1984) used the term Microbiologically 
Influenced Corrosion (MIC) as “Those forms of corrosion which areinfluenced by the 
presence and activities of microorganisms”. Microbial corrosion cells occur with the 
involvement of micro-organisms. The presence of micro-organisms on a corroding metal 
surface does not introduce some new type of corrosion, but it may initiate the occurrence 
and/or influence the rate of growth of all currently known types of corrosion (e.g., changing 
a relatively slow rate of general corrosion into one with rapid localized penetration of the 
metal). The micro-organisms tend to create a biofilm at the interface between the pipe and 
the bulk material. The micro-organisms attach to the biofilm and colonize it, and through 
their metabolism produce a radically different environment such as pH, the concentration of 
ion and oxygen as compared to surrounding bulk environment. Consequently, the 
electrochemical process is modified, often with an accelerated rate of corrosion. The 
influence of micro-organisms on the corrosion rates of metals can be classified into four 
categories as follows: 
(1) Inorganic and organic acids are produced by bacteria as a byproduct during their 
metabolism. 
(2) Some bacteria produce sulfides in anaerobic conditions  (no oxygen),  
(3) Some bacteria introduce new redox reactions  
(4) Oxygen or chemical concentration cells are developed in an anaerobic environment by 
some bacteria (Little et al. 2007). 
In the research literature, the influence of sulfate-reducing bacteria (SRB) on the corrosion 
of iron and steel in an anaerobic environment is well established (see Section 2.4.6 for 
details). In soil in near-neutral pH conditions, the corrosion process is slow, however, if the 
same soil is de-aerated and contains SRBs, highly localized corrosion can be expected. The 
mechanism for this corrosion involves the removal of atomic hydrogen from the metal 
surface by the bacteria using the enzyme hydrogenase (Cramer and Covino 2003). The 
removed hydrogen is then thought to be utilized by the bacteria in the reduction of sulfates to 
sulfides, which then combine with ferrous ions to produce a corrosion product (FeS). 
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Another form of microbial corrosion of metals occurs under oxygenated conditions (i.e., 
aerobic) and involves the formation of acidic metabolites. The aerobic sulfur-oxidizing 
bacteria Thiobacillus creates an environment of up to approximately 10 % H2SO4, thus 
causing rapid corrosion. 
2.2.3 Forms of environmental corrosion 
This section provides brief descriptions of the corrosion of metals in various environments. 
Corrosion in four environments is discussed here, including atmospheric, freshwater, marine 
or seawater, and underground corrosion. The factors and mechanisms governing corrosion in 
these four environments are presented in brief. 
Freshwater corrosion 
 Freshwater corrosion requires the presence of dissolved oxygen to form negative hydroxide 
ions by chemical reactions similar to those in atmospheric corrosion. Freshwater corrosion 
often occurs inside water pipes because the conditions for corrosion are met. The factors that 
influence fresh water corrosion are the flow rate, surge, temperature, pressure and the 
presence of micro-organisms. Yamini and Lence (2010) consider that chlorine decay is a 
primary source of internal corrosion for cast iron pipes conveying drinking water.  
Seawater corrosion 
 Seawater corrosion often occurs on the external surface of cast iron water pipes which are 
buried in an area close to the coastline. Seawater corrosion has a higher rate of corrosion 
than fresh water corrosion due to the higher conductivity for ion transfer associated with salt 
solution and the higher penetrating power of chloride ions through oxide film (Marcus, 
2012). Seawater typically contains 3.5% sodium chloride and other constituent ions in 
significantly smaller amounts (below 0.3%), such as Ca2+, Mg2+, (HCO3)-, (SO4)2-. Similar to 
fresh water corrosion, dissolved oxygen is required to form seawater corrosion.  
Underground corrosion 
Underground corrosion can be defined as the electrochemical degradation of metal (pipe) 
due to its reaction with the surrounding environment (soil). Corrosion of iron in soil occurs 
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by the reaction of water and oxygen as in water and the atmosphere, but localized corrosion 
is more likely to occur, because of the non-homogeneity of soil and non-uniform contact 
between the pipe and soil. The corrosivity of the soil comes from the soil parameters 
including porosity, soil moisture, pH, dissolved salts, electrical conductivity, and bacteria. 
Additional factors contributing to localized corrosion in soil are the presence of stray 
current, dissimilar metal contacts, connections between old and new pipes, differential 
aeration and dissimilar soils (Cramer and Covino 2003). Cole and Marney (2012) conducted 
an in-depth review of soil corrosion in ferrous metal pipes including the soil factors 
contributing to corrosion and how they were investigated. Moreover, the details of the 
corrosion measurements conducted on buried pipes are also provided in their review. Since 
underground corrosion is the main topic of the present research, it is explained in more detail 
in later sections. The details include a discussion of the factors and mechanisms stimulating 
the underground corrosion of pipes. 
2.3 CORROSION OF METAL PIPES IN SOIL 
The prime objective of the current research is the investigation of the corrosion of pipes 
buried in soil. Background knowledge on soil and its properties, and how they can influence 
the corrosion of buried pipes are primary steps required before carrying out research related 
to corrosion in soil. Therefore, it was imperative to review the physical and chemical 
properties of soils and their contribution to pipe corrosion. Moreover, it is important to 
understand how pipes were manufactured in Australia historically, as the process of 
manufacturing may affect the corrosion behaviour of various ferrous pipes. This is also 
included in this section.  
2.3.1 Soil properties 
Soils are classified according to their size range. Commonly-used soils, such as clay, silt, 
and sand, are named because of the size range of their inorganic content. Sand is classified 
as fine (0.02- 0.2 ram) and coarse (0.20-2.00 ram). Silt particle size ranges from 0.002 to 
0.02 mm, and clay particles have a diameter of <0.002 mm down to colloidal matter. Soils 
are classified by ASTM (D 2488) (2017) based on their particle sizes.  
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Many soil properties are governed by the particle size variation. Other terms commonly used 
for soil classification include clay loam, loamy sand, sandy clay, silt loam, silty clay loam, 
sandy loam, and gravel. Clay soil is very plastic by nature; it becomes sticky and impervious 
when saturated with water. It has more packed particles and less pore capacity for moisture 
and oxygen diffusion compared with other type of soils, meaning it has poor drainage and 
aeration. Sand and gravel have more drainage and aeration. The poor drainage and aeration 
of clay make it more corrosive than other types of soil (Romanoff 1957).  
The air pore space of a soil is defined as “the percentage of the volume of soil at a definite 
moisture content that is occupied by air” (Romanoff 1957). It is a measure of the 
permeability of the soil to air and water, and the higher the value of air pore space of the soil, 
the lower the corrosion of metal buried in it (Romanoff 1957). The apparent specific gravity 
is an indication of the compactness of the soil minerals. 
In relation to the physical properties of soil, volume shrinkage is the tendency of the soil to 
start cracking on drying and they swell when wet. This is a particular property of the clay 
and loam particles in soil. When clay/silt soil dries, it forms cracks that allow diffusion of 
oxygen to the pipe and hence the susceptibility of a buried pipe to corrosion increases. 
Because of the poor drainage in clay and silt, the capillary pores of these soils hold a 
considerable amount of water. The water holding capacity of the soil is the moisture 
equivalent of the soil. Various ASTM standards can be used to determine the physical 
properties of soil. For the water-holding capacity of peat materials ASTM (D 2980) (2017) 
can be used. The moisture in good conductivity soil indicates high ion content and the 
possibility of very active corrosion attack. 
A soil’s resistance (R) to the passage of electricity is the property of the soil that is an 
indicator of corrosion aggressivity. It is related to some other properties of the soil which are 
given by the following term 
                                                          ൌ ஡୐୅                                                                          (2.7) 
where, ȡ= specific gravity, L= length of the electrical path, and  A= cross-sectional area of 
the electrodes. 
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The resistivity of any soil is influenced by its composition, compaction, type, and its 
moisture content (Cownie and Palmer 1952).  The resistivity of soil decreases with 
increasing water content and the presence of chemicals that can increase its salinity because 
of the high content of ions and their movement. Less porous soil and low saturated soils, 
such as granite, limestone or sandstone, have high resistivities. High compaction of the soil 
can change the void ratio, which in turn makes the soil more resistive. Moreover, soil with 
specific porosity and permeability has distinctive resistivity and the ability to corrode metal, 
which will be discussed in later sections. 
The chemical properties of soil can influence the corrosion of buried pipes. The chemical 
elements that are responsible for causing corrosion are sodium, potassium, calcium and 
magnesium, and other are acid-forming elements, such as carbonates, bicarbonates, sulfates, 
and nitrates. The conductivity of electric current (corrosion) largely depends on the soluble 
salts and the moisture content of the soil. There is a voluminous literature on the chemical 
analysis of soil and methods to analyze it which can be referred to for more details (Head 
and Epps 1986, Peverill et al. 1999).  pH is the measure of the soil’s alkalinity or acidity, 
which is the logarithm of the reciprocal of hydrogen concentration. The neutrality of a soil is 
indicated by a pH of 7, while soil below this pH level is acidic and above it is alkaline. The 
pH of soil can be determined by using pH sensors or ASTM D4972 (2013). The following 
levels of pH define the nature of the soil (Soil Survey Manual 1951):  
x Extremely acidic----------below 4.5 pH 
x Very strongly acidic--------    4.5-5.0 pH 
x Strongly acidic---------------   5.1-5.5 pH 
x Medium acidic---------------    5.6-6.0 pH 
x Slightly acidic------------------6.1-6.5 pH 
x Neutral----------------------     6.6-7.3 pH 
x Mildly alkaline--------------   7.4-7.8 pH 
x Moderately alkaline--------   7.9-8.4 pH 
x Strongly alkaline------------   8.5-9.0 pH 
x Very alkaline----------------   9.1 and higher pH 
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The explanation with reference to previous studies on how various factors in soils such as 
soil’s pH, moisture, temperature and SRB in soil etc., influence the corrosion behaviour of 
buried pipes is essential to review them for a current project. Therefore, these factors are 
thoroughly understood and explained in detail in the Section 2.4 under “Factors influencing 
external corrosion in soils”. 
2.3.2 Influence of manufacturing method on corrosion of buried ferrous 
pipes  
More than 70% of existing buried pipes in Australia are ferrous metal pipes comprising cast 
iron, ductile and steel pipes (Kenway et al. 2008). The manufacturing method of these 
ferrous metal pipes plays a key role in understanding the corrosion mechanism of these pipes 
in soils in order to predict corrosion and to develop materials and techniques for corrosion 
resistance. It has been observed that pipes with different types of manufacture and 
metallurgical characteristics tend to fail differently due to corrosion (Nicholas and Moore 
2009). The reason for this behaviour is not well understood, but it may have a significant 
impact on the failure mechanism of buried pipes. Since the objective of the present research 
is to understand the corrosion mechanism of buried pipes madeof three types of ferrous 
metal pipes, it is imperative to know about pipe manufacturing in Australia. This section 
briefly covers the pipe manufacturing processes for cast iron, ductile and steel pipes.  
Cast iron 
The history of cast iron manufacture is quite old, and in the 16th century the first cast iron 
pipes were manufactured in Europe. In the beginning, cast iron pipes were imported from the 
UK to Australia to build water distribution schemes. The reason for importing from the UK 
was that the first furnace which began in around 1875 to produce cast iron in bulk was in 
Lithgow (Dafter 2014). It is reported that the first cast iron pipe installed in Australia was in 
Melbourne in 1857 (Nicholas and Moore 2009).  
The process of manufacturing has changed in Australia since the last century. Different 
casting procedures have influenced variations in the corrosion rates of similar cast iron 
material as follows ( Dafter 2014):, 
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x The thickness of vertically sand-cast pipe was relatively high and often not uniform 
around the pipe diameter. The increased thickness may have affected the reaction of 
pipes with the surrounding corrosion-stimulating factors in the soil, resulting in the 
variation of corrosion rates compared with other types of casting. Moreover, sand-
cast pipes had an external chill layer that might have led to segregation of elements 
such as silica and phosphorus, which in turn resisted corrosion attack (Nicholas and 
Moore 2007). Cast iron, in particular, early sand-cast material, often has casting 
defects and imperfections in the surface, and these sites are often anodic to the 
remainder of the pipe and corrode more quickly than would normally be expected 
(Makar and Rajani 2000). 
x On the other hand, spun pipes had a more uniform wall thickness, the porosity was 
less and they had a compact microstructure (less segregated) compared with sand-
cast pipes (Nicholas and Moore 2009). Moreover, for the same diameter, the 
variation in wall thickness between sand-cast and spun pipes was more than 100%. 
x  For horizontally-cast (super De Levaud) pipes the external chilled surfaces were 
treated with a mould release agent during their manufacturing process, which might 
have provided more resistance to corrosion in the buried environment (Nicholas and 
Moore 2009). 
Cast iron pipes are brittle because of their flaky graphite texture, which distinguishes these 
pipes from ductile and steel pipes. The typical flaky graphite texture of the cast iron pipes 
used in the present study is shown in Figure 2.5. The shape and size of graphite are 
responsible for the mechanical properties of cast iron pipes, which are dependent on their 
manufacturing process (Makar et al. 2000, Bradley and Srinivasan 1990). The micro-
structure of cast iron pipes can be ferritic (100 % iron), or it can be pearlitic, which a 
combination of ferrite and iron carbide. During the manufacturing process of cast iron pipes, 
slow cooling results in ferrite formation with very large graphite flakes, while moderate 
cooling yields a pearlitic micro-structure of the cast iron with fine flaky graphites. The 
ferritic micro-structure of cast iron with fine flaky graphite is promoted when rapid cooling 
is used during the manufacturing process (Bradley and Srinivasan 1990).   
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Figure 2.5 Flaky graphite micro-structure of cast iron  
There are various types of cast iron according to its composition, as shown in Table 2.1.  It 
can be seen from Table 2.1 that the carbon in cast iron ranges from 2.5 to 4.0 wt. %, the 
silicon content is between 1 and 3 wt. %, and sulfur and phosphorous are in the range of 0.02 
to 0.25 and 0.02 to 1.0 respectively. Manganese forms MnS with reaction with sulfur if not 
added during casting will result in iron sulfide formation at the grain boundaries. High levels 
of phosphorus also form brittle iron phosphide at the grain boundaries; its quantity is kept as 
low as possible to avoid the formation of iron phosphide. 
Table 2.1 Range of compositions for typical unalloyed cast irons, wt % (Bradley and 
Srinivasan 1990) 
Type C Si Mn S P 
White 1.8-3.6 0.5-1.9 0.25-0.8 0.06-0.2 0.06-0.2 
Malleable  2.2-2.9 0.9-1.0 0.15-1.2 0.02-0.2 0.02-1.0 
Grey 2.5-4.0 1.0-3.0 0.2-1.0 0.02-0.25 0.02-1.1 
Ductile  3.0-4.0 1.8-2.8 0.1-1.0 0.01-0.03 0.01-0.1 
Compacted graphite 2.5-4.0 1.0-3.0 0.2-1.0 0.01-0.03 0.01-0.2 
 
Two types of cast iron, namely pit cast iron and spun cast iron, which differed because of 
their different manufacturing methods, were extensively used previously in various parts of 
the world (Maker and Rajani 2000). These two types of cast iron water pipes have distinct 
metallurgies. Researchers have found that spun cast iron pipes have major ferritic micro-
structures with small graphite flakes, while the central region of pit cast iron pipes is 
occupied by large graphite flakes and the outer layer is surrounded by a significant quantity 
of pearlite and small graphite flakes (Maker and Rajani 2000).  
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Ductile iron  
Ductile iron is one of the types of cast iron with a different microstructure from gray cast 
iron. The graphites in ductile iron materials have a nodular or spheroidal shape, as shown in 
Figure 2.6. Because of their brittleness with zero ductility, cast iron materials necessitated 
the development of ductile iron in the 1940s and 1950s to overcome the ductility issue. 
Ductile iron pipes first started to be manufactured in Australia around 1976. The process of 
manufacturing ductile iron materials (AS 1831 2007) differs from that for cast iron (AS 1830 
2007). During the manufacture of ductile iron, magnesium is added, which causes the carbon 
in the metal melt to precipitate upon solidification in the form of graphite nodules within the 
ferritic alloy matrix. The ductility, strength and fracture toughness properties are achieved by 
subjecting spun-cast ductile iron to heat treatment, which eliminates the brittle micro-
constituents produced during the casting process (Rajani and Kleiner 2003). The mechanical 
properties of ductile iron are better than those of cast iron pipes, and the wall thickness of 
ductile iron can be made much smaller than that of cast iron, according to equivalent 
pressure ratings. Moreover, it is more resistant to corrosion than grey cast iron. 
The composition of ductile iron is shown in Table 2.1, which indicates that ductile iron pipes 
have lower levels of sulfur and phosphorus. Ductile iron pipes have better toughness than 
cast iron pipes, which enables them to resist cracking and their ductility prevents sudden 
failure. Figure 2.6 shows the micro-structure of ductile iron pipe. A comparison of the 
corrosion behaviour of cast and ductile iron is discussed in the following section. 
 
Figure 2.6 Ductile iron with spheroidal graphite 
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Mild steel  
Mild steel is also a ferrous metal and it is one of the most widely-used grades of steel. Its 
mechanical properties and composition are different from those of grey and ductile cast iron. 
It contains 0.05-0.25 % carbon compared with other ferrous metals, which gives it superior 
magnetic properties and enhances its weldability. Mild steel has higher fracture toughness 
than cast and ductile iron pipes (John et al. 2017). Mild steel is less brittle and flexible 
because of its composition and process of manufacturing. The general chemical composition 
of mild steel is shown in Table 2.2.  More details about mild steel with regard to corrosion 
are presented in the following section and in Section 2.6.4 of this chapter. 
Table 2.2 Chemical composition of mild steel  
 
C 
 
 
Si 
 
 
Mn 
 
 
P 
 
 
S 
 
 
Cr 
 
 
Ni 
 
 
Cu 
 
 
Mo 
 
 
Al 
 
 
Ti 
 
 
Fe 
0.22 0.55 1.70 0.04 0.03 0.25 0.5 0.4 0.35 0.1 0.04 95.82 
2.3.3 Comparison of corrosion behaviour of ferrous metal pipes  
There is a difference in opinion among researchers about the corrosion behaviour of ferrous 
metal pipes, i.e., cast iron, ductile iron and mild steel pipes, in soils. Some researchers have 
investigated the corrosion behaviour of these pipes for purposes of comparison. Pennington 
(1967) analysed the experimental data of Romanoff (1957) and found that the corrosion 
resistance of steel pipes was higher than that of cast and ductile iron pipes. Moreover, 
Pennington stated that cast iron pipes were more resistant to corrosion than ductile iron 
pipes.  
Sears (1968) conducted comprehensive research on corrosion of ductile and cast iron pipes 
and buried specimens for over 14 years in various soils. He found similar corrosion 
penetration and mass loss in both cast iron and ductile iron specimens. Conversely, 
Feugerson and Nicholas (1984) stated that due to the morphology of cast iron pipes deeper 
pitting occurred in cast iron pipes than ductile iron pipes when exposed to similar 
environmental conditions. However, Cox (1998) and others considrered that the flaky 
graphite matrix of grey cast irons is a diffusion barrier that not only impedes the easy access 
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of corrosives to the ferrite phase, but also keeps the rust products within its matrix. The 
presence of the graphite matrix was considered a factor in prolonging the service life of cast 
iron compared with uncoated steel or ductile iron pipes exposed to the same soil 
environments. Other research found no difference in the corrosion resistance of ductile and 
grey cast irons (Cast Iron Pipe Research Association 1964; Rose and Parkinson 1985; NACE 
1992). Similary, Laque (1995) found from field tests on specimens buried in corrosive clay 
soil in Europe that ductile iron and grey cast iron had the same corrosion resistance. 
Nevertheless, the corrosion susceptibility of cast iron in comparison to ductile iron has been 
well recognized by previous studies, such as Romanoff (1964), Roza and Parkinson (1985), 
Pelletier et al. (2003), Kleiner (2003), Berardi et al. (2008) and Paradkar (2013). 
Recently, Hou et al. (2016) conducted comprehensive research on steel and cast iron 
specimens of the same dimensions by using simulated soil solutions of varying pH. Based on 
their research outcomes (Figure 2.7), they found cast iron to more prone to corrosion in the 
same corrosive environments compared to steel. The weight loss of steel after 270 days was 
approximately 1000, 400 and 200 g.m-2 in simulated soil solutions of 3.5, 5.5 and 8 pH 
respectively, while in cast iron, weight loss of 1390, 420 and 390 g.m-2 was obtained in these 
solutions respectively (Figure 2.7). According to this recent research, it is obvious that cast 
iron corrodes faster than steel. 
 
Figure 2.7 Comparison of corrosion in steel and cast iron (Hou et al. 2016) 
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A comparison of the corrosion of ductile and steel pipes with reference to previous research 
showed that ductile iron has more resistance to corrosion than steel pipes (Gerhold 1976). 
The failure in cast iron is sudden compared with steel and ductile pipes. Steel and ductile 
pipe failure is in the form of leaks with no catastrophic failure. Corrosion protection 
techniques such as, but not limited to, coating and cathodic protection provide resistance to 
corrosion. However, despite all the corrosion protection techniques, pipe failures in the form 
of leaks and ruptures are common in almost every part of the world. Interestingly, in rare 
situations, it is also observed that some buried pipes have been more than 120 years in 
operation without any failure being reported (Nicholas 2009).  
In a very recent study, Song et al. (2017) investigated the corrosion behaviour of ductile iron 
and carbon steel in solutions of varying chloride concentrations. They analysed the corrosion 
products, corrosion rates and corrosion depths of ductile and steel specimens. In their 
analysis of corrosion rates and corrosion depths, they found that steel specimens corroded 
more than ductile specimens in the same corrosive environments. A comparison of the 
corrosion rates of ductile and steel specimens in solutions of varying chloride concentrations 
is shown in Figure 2.8. 
 
Figure 2.8 Comparison of corrosion in ductile iron and steel (Song et al. 2017) 
On the basis of the above discussion, it can be inferred that although there is a difference of 
opinion among researchers about the corrosion resistance of cast iron, ductile and steel, a 
number of studies suggest that cast iron is more prone to corrosion than ductile and steel. In 
recent studies, ductile iron has been found to be more corrosion-resistant than steel, and steel 
is more corrosion-resistant than cast iron in the same corrosive environment. 
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2.3.4 Corrosion-induced failure of cast iron pipe  
This section covers the failure analysis of buried pipes in soils, in particular of cast iron 
pipes, as the main focus of the present research is on cast iron. The failure modes of cast iron 
pipes induced by corrosion i.e., blowout and perforation, are presented in this section.  
Blowout holes 
Corrosion may play a significant role in the mechanical failure of buried pipes. The 
combined effect of corrosion and internal water pressure can cause failure of pipes in the 
form of blowout holes. At first, due to the localized corrosion reaction, the pipe wall starts 
thinning until a point or a hole appears in it. Next, water egress occurs through this 
point/hole under pressure resulting in blowout failure. The size of the blowout section can be 
a small or large piece of cast iron, depending on the localized corrosion process and the 
water pressure experienced by the pipe. Figure 2.9 shows a blowout pipe section. 
 
Figure 2.9 Cast iron pipe with blown section (Marker and Rajani 2000)  
Through-wall defects/perforations 
 Through-wall failure (perforations) occurs when a defect caused by localized corrosion in 
the form of pits penetrates the whole pipe-wall thickness of a pipe, so that water starts 
escaping. This type of defect can cause mechanical failure by inducing a failure initiation 
location. Moreover, due to the escape of water from the hole, the support beneath the pipe is 
washed away and the pipe starts to settle and the depth of burial increases. Figure 2.10 
shows a photograph of a through-wall corrosion pit in a cast iron pipe.  
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Figure 2.10 Through-wall defect (Marker and Rajani 2000)   
In previous extensive research on the failure of cast iron pipes in Canada, it has been 
reported that 23 out of 25 failed circumferentially due to corrosion pitting (Makar et al. 
2001).  In cast iron pipes, in addition to localized corrosion, i.e., pitting, a particular form of 
corrosion called graphitization can also occur.  
2.3.5 Historical progress in studies of corrosion of buried pipes 
This section reports on a number of studies of the corrosion of buried pipes since 
underground corrosion research began. The review of such studies is essential to answer 
questions such as how did previous researchers investigate corrosion-causing factors? what 
was their methodology?, and how did they categorize the aggressiveness of soil factors from 
their research outputs? Moreover, the gaps and the limitations of previous research can be 
understood by reviewing previous studies. Therefore, a comprehensive review of 
underground corrosion was conducted and widely cited research on this topic is presented in 
this section.  
Several researchers in the past have contributed to the field of underground corrosion of 
buried pipes. In the early 1900s, several researchers undertook detailed and long- duration 
field tests using coupons and pipe sections in underground corrosion studies. Denison and 
Hobbs (1934) were pioneers in the field of corrosion of buried pipes. They investigated the 
corrosion of ferrous metals in acid soils for long durations, and the average rates of pitting of 
ferrous metal specimens exposed to acid soils were determined. They obtained similar 
correlations between the total acidity of soils and weight losses of specimens in laboratory 
tests. Moreover, the effects of pH on the pitting factor and penetration of cast iron in 
different soils in the field were investigated. Although this study was significant in 
underground corrosion studies at that time, it was limited to the total acidity and pH of 
various acid and synthetic soils. The effects of soil particles, chlorides, sulfates, and bacteria 
were not taken into consideration.  In addition, no model was developed by the researchers.  
Schwerdtfeger (1953) measured the weight losses on cell electrodes made of steel and cast 
iron pipe samples after exposure to various real soils in the laboratory and compared the 
results with those of field investigations. He conducted experiments for six months on 
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ferrous metals to study their corrosion behaviour. Based on the experimental results, 
Schwerdtfeger developed short-term correlations between laboratory and field corrosion 
measurements. Moreover, he formed the time-dependent weight loss relations and pitting 
corrosion relations of cast iron and steel samples in different soils. Since every research has 
limitations, in this research correlation was made based on six months data. In addition, it is 
highly unlikely to be able to replicate laboratory conditions in the field. 
Romanoff (1957) conducted an extensive series of laboratory experiments and field tests to 
investigate the effect of soils on the corrosion of buried metal pipes. Romanoff considered 
the factors that may affect corrosion of buried pipes, such as differential aeration, moisture 
content, soil pores and particle size and distribution, pH, a chemical reaction between metal 
and soil constituents, dissimilar metals and soil shrinkage effects. He found that soil 
resistivity is responsible for the corrosion severity of buried pipes. Although this research is 
one of the most comprehensive studies related to buried pipes, it was limited to field 
investigations. Therefore, the time-dependent pH and aerations relations developed from this 
study can be questioned. Hence, there is the need for an experimental study in which many 
variables can be kept constant except pH and moisture, to derive time-dependent corrosion 
relations between pH and moisture.  
Moore and Hallmark (1987) extended research related to the underground corrosion of 
buried pipes by conducting a field study to finding the corrosivity of soils in Texas, USA. 
The corrosivity of soils was determined by measuring the corrosion of buried pipes at two 
depths for 15 different soils using electrical resistance probes. In this research, the normal 
standard data used at that time for characterizing soil corrosivity in the USA was found to be 
over-estimated.  
Murray and Moran (1989) conducted both indoor and outdoor soil exposure experiments and 
investigated the corrosion of buried pipelines by monitoring soil moisture content. They 
used in situ electrochemical impedance spectroscopy (EIS) measurements to understand the 
corrosion behaviour in different soils with varying moisture contents. In their work, bare line 
pipe steel (X65), polyethylene-coated steel and polyethylene-coated samples with defects 
were exposed in clay and sandy soil. The researchers found that corrosion rates were 
dependent on moisture content in both indoor and outdoor experiments for the bare steel and 
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polyethylene-coated steel with defects. The only limitation of this research is the control of 
moisture in the field, which is impossible to achieve under natural conditions. 
Norin and Vinka (2003) studied the corrosion field investigation of buried metal pipes for 1 
and 3 years. They differentiated uniform and local corrosion of buried metal pipes, and also 
found the effects of the type of backfill material on the corrosion behaviour of metal pipes. 
The authors buried steel and zinc panels at depths of 0.5, 1.1 and 1.5 m in backfill material 
made up of original till-type grain distribution, wood fragments, metal pieces, bricks, 
seashell debris and other organic matter. Mass loss measurement, linear polarization 
resistance (LPR) and electric resistance (ER) methods were used to determine uniform 
corrosion and localized corrosion with the deepest pit. An interesting observation of this 
research was that deep pits were found in specimens buried in the backfill material or 
disturbed soils compared with those buried in ‘‘natural’’ or undisturbed soils. The LPR and 
ER measurements were not found to correlate with the measured uniform corrosion rates. 
Moreover, the researchers did not take into account of oxygen variation that could occur at 
varying depths of burials. 
In a recent study, Petersen et al. (2013) conducted field measurements in Australia for the 
long-term external corrosion prediction modelling of buried cast iron pipes. They collected 
soil samples near the pipes and sent them to the laboratory to determine the physical and 
chemical properties of the soils. The authors suggested that long-term maximum corrosion 
penetration increases with increasing soil wetness (measured using degree of saturation) for 
the sites investigated. The proposed model of their work could be limited to cast iron pipes 
buried at certain depths in relatively homogeneous, low permeable soils with degrees of 
saturation between 0.66 and 0.76. 
Another study related to the corrosion of steel buried in the soil was carried out by Adeosun 
and Sanni (2013). In that study, the corrosion of welded mild steel bars in the soil media 
around the coastal area of the University of Lagos was investigated using the gravimetric 
method (Adeosun and Sanni, 2013). For the experiments, the researchers used six (6) 
samples with fixed lengths and areas of 75 mm x 75 mm each for welded and un-welded 
mild steels. The initial weights of the specimens were recorded and the specimens were then 
buried in two selected soils. The weight losses of the coupons were determined at regular 
intervals for six months. Although this research study was of short duration and not a 
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detailed study,  it shows that even the manufacturing process of the pipes can be a cause of 
the acceleration of or resistance to corrosion in soils. 
Yan et al. (2014) investigated the corrosiveness of red clay soil to metallic materials. They 
found that soil Fe oxides (goethite, hematite, etc.) play a significant role in soil corrosion by 
working as cathodic depolarizers. The researchers used API X80 pipeline steel for their 
investigation. A set of long-term exposure tests was performed to evaluate the effect of Fe 
oxides on the corrosivity of the red clay soil. Steel samples 25 mm x 25 mm x 3 mm were 
used for the long-term exposure test. The tests were performed in a plastic container (20 cm 
in diameter) with outlets sealed to keep the soil water content constant at 30 % and this was 
checked periodically by weighing the container. Specimens were buried at 20 cm below the 
soil surface and the experiments were conducted at room temperature for 60 days. EIS 
corrosion measurements were performed to establish the corrosivity of the red clay soil and 
its content. The findings of this study showed that the corrosivity of the red clay soil was 
reduced after Fe oxides were removed from the soil. Although this study showed the 
importance of Fe oxides in red clay soils and the researchers critically analyzed, the soil was 
not oven- dried to kill the bacteria already present in the soil, which might have caused some 
variation in the results obtained. 
Another recent study (Melchers 2017) proposes “a post-perforation external model” model 
for high-pressure cast iron water mains. The author observed areas of smooth topography 
resembling uniform corrosion around the perforated and fractured surfaces of the pipes. It 
was proposed that pipe fracture under high water pressure was the coupled effect of the 
perforated wall due to external corrosion and the effusion of oxygenated water from inside 
the pipe, resulting in thinning (uniform corrosion under the graphitized layer) of the pipe 
wall.  
Recently Asadi and Melchers (2018) investigated the pitting corrosion of old cast iron pipes 
in the field ranging in age from 34 to 129 years and with 200 to 600 mm diameters. The pit 
depths were measured in the range of 1-2m along the length of the pipes. The properties of 
the surrounding soil were also determined for correlation purposes. The pit distributions in 
all the pipes (10 cases) were found to differ after the comparison, and the Gumbel plot of 
maximum pit depth obtained from each of the cases was plotted. The investigation showed 
32 
 
that severe pitting was at soil-pipe contact pressure points and at the locations of higher 
moisture in the soil. 
The above studies indicate that the corrosion of buried pipes has been investigated mainly in 
the field where the conditions can vary at any instant of time. The control of the 
environmental parameters and monitoring has not been carried out. Moreover, the coupled 
effect of pH and acidity has not been investigated in depth in the field or under controlled 
laboratory conditions.  Finally, long-term studies of the corrosion of cast iron in real soil in 
the laboratory are very limited. In the next section, the factors in soil causing corrosion of 
buried pipes are analysed in depth.   
2.4 FACTORS INFLUENCING EXTERNAL CORROSION IN SOILS 
Many factors in soils cause external corrosion of buried pipes. These factors have been 
identified by extensive field and laboratory studies (see the section Corrosion in soil). These 
factors include pH, moisture content, type of soil, resistivity, presence of anaerobic bacteria, 
temperature and differential aeration. In this section these factors are discussed in detail to 
find the gaps and limitations of previous studies. This will help in developing the research 
methodology for the present research. 
2.4.1 pH  
Correlation between pH and corrosion rates 
 The pH of the soil was considered as the factor most affecting underground corrosion since 
it was discovered. Almost all the researchers working in the field of underground corrosion 
relate the pH of the soil to the high corrosion rates of buried pipes. Romanoff conducted 
comprehensive field investigations for 25 years on the pH of soils and the corresponding 
corrosion of pipes between 1922 and 1957 in the USA. Thousands of specimens (29,500) 
were buried in numerous soil conditions, and the pH of the soil at each site was measured. 
The long-term mass loss of the specimens corresponding to the pH of the soils was 
correlated. 
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Gemmell (1952) could not find a relationship between the corrosion rate of buried pipes and 
the total acidity of the soil. Penhale (1984) buried steel plates in 33 different soils for 20 
years. For each soil, both the pH and total acidity were measured, and no correlation was 
found between total acidity and corrosion rates. Hay (1984) compared different methods of 
pH measurement and the corrosion rates of samples. A weak correlation (R2 = 0.236) was 
observed between the corrosion rate and the most common method of pH measurement. Hay 
also compared the total acidity of the soils and the corresponding pitting rate. However, no 
correlation was observed between the corrosion rate and the total acidity. The best 
correlation of R2 = 0.280 was obtained.  
Rajani et al. (2001) examined the corrosion rates of cast iron pipes obtained under various 
pH conditions of pipes, working on an AWWA funded project on the methodology for 
estimating remaining service life. Based on their data again no correlation was observed 
between the pH and pitting rates. Doyle (2000) compared the results of pH testing with the 
corrosion rates of samples from 98 sites in Ontario, Canada and found no correlation (R2 = 
0.04) between pH and corrosion rates. The above discussion suggests that pH has little 
relationship with the maximum external pitting rate. The correlation between the corrosion 
rates of cast iron and the pH of the soils obtained from selected studies is shown in Table 
2.3. 
Table 2.3 Correlation between corrosion rates and pH (Mathew 2014)  
Researchers Correlation (R2) 
Penhale (1984) Poor 
Hay (1984) 0.236 
Doyle (2000) 0.04 
Ferguson and Nicholas (1991) N/A (very poor) 
Rajani et al (2001) Not Provided 
 
 
It was understood, at least in Australia; by the early 1980s that pH was a poor indicator of 
corrosion (Ferguson 1984). However, some authors, in particular from Canada, still measure 
pH as part of their modelling of pipe failures (Rajani et al. 2001). The AWWA’s rating 
system (ASTM C105/A21.5- 99) for soil corrosivity still lists pH as one of the criteria to be 
tested. This is despite the lack of any noticeable correlation between pH and corrosion in the 
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underground environment. Based on the literature, it can be said that pH alone is a poor 
indicator of corrosion in buried conditions. Apart from some of the early works, no author 
has found a positive correlation between pH or total acidity and corrosion rate. An extremely 
low pH may be an indication of corrosion; however, there are many other contributing 
factors responsible for the corrosion of buried pipes. Therefore, on the basis of the above 
discussion, it can be concluded that there is no direct relationship between pH and corrosion 
rates.  
Laboratories studies of pH 
The corrosion assessment of deteriorated buried pipelines is not easy because of the 
complexity of soil structure, its resistivity, and the risk of microbiologically-induced 
corrosion. Therefore, corrosion phenomena of buried pipes are studied in artificial solutions 
simulating the soil to avoid complexities. For example, Benmoussa et al. (2006) used 
extracted soil simulated solutions (containing KCl, NaHCO3, CaCl2, and MgSO4) along with 
NaCl solution to study the effect of soils on the corrosion of steel pipeline. The pH of the 
resulting synthetic solution was 8-8.5, and steel coupons were immersed in simulated 
solutions for EIS studies. All of the above studies were conducted for very short durations, 
some for even less than a month. 
Wu et al. (2010) investigated the effect of varying pH of simulated soil (from Yingtan 
China) on the corrosion of steel coupons. The pH of simulated soil was 8.1, and it was 
adjusted to 3.0, 4.0, 5.5, and 7.0. Q235 steel coupons were immersed in these different pH 
solutions for EIS studies. The researchers found that by decreasing the pH of the solution, 
the corrosion rates of steel coupons were increased. However, the research was conducted 
for less than one month.  
Some researchers have investigated the stress corrosion cracking of pipes using simulated 
soil solutions. Liu et al. (2008) investigated the effect of soil pH (extracted acidic soil 
solution) on the corrosion of steel, specifically stress corrosion cracking (SCC). The SCC 
behaviour of X70 pipe steel was investigated using potentiodynamic polarization curve 
measurements, surface analysis techniques and slow strain rate testing (SSRT). In another 
study, Liu et al. (2009) investigated the effect of inclusions on the initiation of SCC of X70 
pipeline steel in an acidic (low pH) soil solution using SSRT, scanning electron microscopy 
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(SEM) and energy-dispersive X-ray techniques (EDX). They found no initiation of SCC in 
X70 steel under anodic polarization. However, under cathodic polarization, hydrogen 
evolution was enhanced and caused SCC. Some other studies on the SCC of API 
X65 (Eslami et al. 2010; Eslami et al. 2011) and API X70 steels in near-neutral pH and/or 
high pH environments have been conducted (Kentish 2007; Liu et al. 2008; Liu et al. 2009; 
Tang and Cheng 2011; Liu et al. 2012). Recently, Yang and Cheng (2016) investigated the 
local corrosion at crack tips on API 5L X46 pipeline steel specimens under various loads in a 
simulated solution of near-neutral pH. Potentiodynamic polarization and EIS, combined with 
micro-electrochemical and surface characterization techniques were employed to meet the 
objectives of the research.  
Hou et al. (2016) recently carried out research on cast iron and steel specimens. They 
corroded these specimens in simulated soil solutions for three time periods: 3, 6 and 9 
months, with three different pHs of 8.0, 5.5, and 3.5 respectively. The results of corrosion 
indicated that the steel and cast iron specimens in simulated soil solution of pH 3.5 corroded 
more than the other pH solutions. However, there is the possibility of a reverse trend if these 
experiments were conducted for longer durations, such as one year or more. 
From the general scientific perspective, the use of simulated soil solutions to investigate the 
effect of pH on the corrosion of pipes is not a true representation of corrosive soil 
environments, because of soil’s particles and physical properties. Moreover, in previous 
simulated soil solution studies, the maximum duration of testing was 270 days. Therefore, it 
is vital to investigate the effect of pH using natural soil along with a simulated soil solution 
in the laboratory for longer durations so that the actual effect of pH can be observed 
accurately and correlated with the corrosion rates. 
2.4.2 Moisture content  
The moisture content of soils plays a major role in the corrosion of buried ferrous metal 
pipes until a limit is reached where a decline in corrosion rates takes place. Several 
researchers have investigated the effect of moisture content on the corrosion of buried 
ferrous metals. For example, Gupta and Gupta (1979) performed a series of laboratory tests 
on steel specimens exposed in soils taken from three locations in India. The soil types of the 
three sites used in these tests were sandy, sandy loam and loamy. Mild steel test specimens 
36 
 
50 mm x 25 mm x1.6 mm were burnished with emery cloth, decreased with toluene and 
weighed. All the three soils were oven-dried at 105oC before the test. After 6 months, the 
metal coupons were taken out, cleaned and weighed for mass loss measurement. The 
researchers observed a close correlation between mass loss and moisture content, with mass 
loss increasing up to intermediate moisture content, before decreasing with any further 
increases in moisture content. They found 65 % water holding capacity to be the limit for the 
soils. However, it would be interesting to know how cast iron behaves with three similar 
levels of moisture and the extent of the corresponding corrosion. 
Li et al. (2000) investigated the effect of moisture content on the corrosion of carbon steel in 
neutral soil using a low polarization curve technique. The results indicated that the corrosion 
of carbon steel varied with moisture content. Similarly, Wu et al. (2005) investigated the 
corrosion behaviour of X70 pipeline steel in two kinds of saline soils with different 
humidities using EIS measurements. This study corroborated that the rate of corrosion of 
X70 pipeline steel increases as soil humidity increases,  reaching a maximum of 15–20 % of 
the water content, then decreases as soil humidity continues to increase. Fei et al. (2007) 
found that moisture content has a major inÀuence on the corrosion behaviour of X70 steel in 
yellow pebble soil. They found that the corrosion rate increased as soil humidity increased, 
reaching a maximum when the moisture content was 25 % and then decreasing with further 
increase in the soil humidity. Moreover, Nie et al. (2009) investigated the corrosion 
susceptibility of carbon steel in seashore salty soils with varying moisture contents. They 
found the largest corrosion rate in carbon steel with localized corrosion in soil with 10 % 
moisture content. They also found that further addition of water content reduced the 
corrosion rates in the soil.   
Wan et al. (2013) investigated the corrosion behaviour of steel pipes via immersion and in 
situ volumetric curves in the soil with various moistures. For their investigation, they used 
low carbon steel Q235 of 15 mm × 10 mm × 2.5 mm in dimensions, cut from sheets. The 
loamy soil used for this study had a pH of 6.02. To study the effect of moisture content and 
the corresponding corrosion, four kinds of soils were prepared by adding 12 %, 19 %, 26 % 
and 33 % moisture content. For the experiments Q235 steel coupons were buried in the soils 
about 2 cm below the surface. The soil chambers were hermetically closed with plastic film 
to keep the moisture from escaping. The researchers compared the instantaneous corrosion 
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rates and the average corrosion rates and found both decreased with exposure time because 
of the formation of corrosion products. The corrosion rates were higher in 26 % and 33 % 
moisture content soils than those in 12 % and 19 % moisture soils. This research indicates 
that high moisture content of the soil is more responsive for high corrosion rates. 
In another study related to the corrosion of pipes in soils, Noor and Al-Moubaraki (2014) 
examined the effect of moisture content on the corrosion behaviour of X60 steel in soils of 
different cities (Riyadh, Rabigh, and Jeddah) in Saudi Arabia at ambient temperature (29 ± 
1 ƕC). They used the weight-loss method and various electrochemical methods (open circuit 
potential (OCP), potentiodynamic polarization (PDP), and electrochemical impedance 
spectroscopy (EIS) for their investigation. The corrosion rate of X60 steel in each soil was 
found to increase with increasing soil moisture content up to a maximum value of 10 %, and 
then decreased with further increase in moisture content. Their study further confirms that 
moisture content and the corresponding corrosion of buried pipes depend on the soil’s 
properties and its type. For any given soil there is an optimum moisture content, which 
differs from soil to soil and is capable of causing high corrosion rates.  
From all of the above studies related to the moisture content and corresponding corrosion of 
buried pipes, it is clear that when doing laboratory experiments, it is important to select at 
least two extreme values of moisture content to observe the corrosion behaviour of buried 
pipes. Moreover, it is also noted that most studies conducted in laboratories have been of 
short duration, the maximum duration being 6 months. Therefore, it is necessary to 
investigate the moisture effect on the corrosion of buried pipes by conducting long-term 
experiments lasting for 2 years, if time and resources allow. 
2.4.3 Resistivity  
The influence of the resistivity of soil on the corrosion of buried pipes has been well 
established (Dennison and Hobbs 1952). However, the extent to which the resistivity and 
corrosion rates of buried pipes are correlated is not well understood. Romanoff (1957) in his 
comprehensive field testing developed a simple relationship between resistivity and 
corrosion of buried pipes. He categorized the soil’s resistivity with the corrosion intensity 
such as the resistivity of soil over 2000 ohm-cm usually indicated the less corrosive 
condition. However, at a resistivity of less than 2000 ohm-cm, a high corrosion rate was 
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expected. However, the researcher further stated that this relationship between resistivity and 
corrosion does not always exist and there are exceptions to it.  
Hamilton (1960) used data from Romanoff (1957) to find the correlation between corrosion 
rate and resistivity. Hamilton was able to find some correlation between the corrosion rate 
and the resistivity of the soil below 700 ohm-cm. Contrary to Romanoff’s finding that soils 
with resistivities above 2000 ohm-cm were non- corrosive to buried pipes, Hamilton stated 
that soils were corrosive below 700 ohm-cm. Hence, by using Romanoff’s data, Hamilton 
gave the lower limit of resistivity indicative of the corrosiveness of the soil. 
Following previous researchers, Hay (1984) extended the work on the relationship between 
resistivity and maximum pit depth. He conducted a field survey in which he performed a 
series of soil tests on existing buried pipes of varying ages. In his investigation, he found the 
R2 of 0.283 between soil resistivity and maximum pit depth. 
Rajani et al. (2001), working on a project with the aim of finding the remaining service life 
of cast iron water mains, performed a number of soil tests in the field and measured the 
resistivity of various soils and the corrosion rates. From the analysis of the results, it was 
established that lower resistivity caused more corrosion of buried pipes. However, the 
researchers noted some exceptions to this rule, similar to other previous researchers. Rajani 
et al. (2001) categorized soil corrosiveness with criteria was approximately 4000 ohm-cm, 
above this value soil was non-corrosive while below this value, soil was classified as 
corrosive.  
Jakobs and Hewes (1987) carried out comprehensive field investigations to find the causes 
of failures of buried pipes due to corrosion in Canada.  The primary emphasis of the 
investigation was to determine the influence of resistivity and diurnal effects on the 
corrosion of buried pipes. In their research, around 13,400 pipeline failures were 
investigated. They found that large numbers of pipes failed due to corrosion, whereas others 
failed due to the combined effect of mechanical and corrosion failure. Based on their 
analysis, the criterion indicating the corrosiveness of soil was in the range of 2000-2500 
Ohm.cm. Moreover, the diurnal effect on the failure of pipes was also definite in their 
analysis, with more failures occurring in the winter than the summer season. Later, Ferguson 
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and Nicholas (1991) showed a weak correlation between corrosion rates and soil resistivity 
based on field investigations. 
Robinson (1993) categorized soil’s corrosiveness based on its resistivity, as shown in Table 
2.4. Like other researchers, Robinson also stated that the table was arbitrary, and sound 
knowledge of underground corrosion was needed to assess a pipeline precisely. Moreover, 
Robinson emphasized that, compared with the magnitude of resistivity at a point, the relative 
change in resistivity along the length of the pipe was the most influential factor in assessing 
pipe failure due to corrosion. This is primarily because of the creation of corrosion cells 
between areas of high resistivity and areas of low resistivity.  
Table 2.4 Soil corrosiveness and resistivity 
Soil corrosiveness resistivity 
(ȍ cm) 
Soil corrosiveness resistivity 
(ȍ cm) 
Severely corrosive 0 to 500 
Very corrosive 500 to 1000 
Corrosive 1000 to 3000 
Moderately corrosive 3000 to 10000 
Slightly corrosive 10000 to 25000 
Relatively less corrosive Above 25000 
In summary, based on the above discussion on the resistivity of soil and the corresponding 
corrosion due to it, no clear and definite relationship has been found by previous researchers 
between soil resistivity and the corrosion of buried pipes.  
2.4.4 Dissolved oxygen  
Research related to the dissolved oxygen concentration in soils at various depths and the 
corresponding corrosion of buried pipes is very limited. The influence of the depth and the 
oxygen content of the soil is explained in Figure 2.11, which illustrates how oxygen 
concentration and the corresponding corrosion severity vary with soil depth. It can be seen 
from Figure 2.11 that high oxygen concentration causes corrosion only when there is 
moisture present in the soil. This explains the corrosion process, as water and oxygen are the 
key factors for cathodic and anodic reactions on the metal surface. Therefore, it can be said 
that corrosion depends more on oxygen diffusion and the presence of water in soil pores then 
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the depth of burial. The concept of oxygen concentration at depth and the corresponding 
corrosion is explained in the following sections.  
 
Figure 2.11 Oxygen concentration variations with depth of soil and corresponding corrosion 
If there are two different soils, one with good aeration and the other with poor aeration, 
differential cells are set up (Figure 2.12).  Soil with a low level of oxygen behaves as an 
anode, and soil with higher levels of dissolved oxygen behaves as a cathode. The corrosion 
current of the cell leaves the anode where there is a low resistivity of the soil, causing 
maximum pit depth. The diagram below illustrates this phenomenon.   
 
 
 
 
Figure 2.12 Differential aeration due to two different soils (Peterson and Melchers, 2012) 
The variations in oxygen access to various parts of a metal pipe surface may contribute to 
the formation of a differential aeration cell. Differential aeration creates an oxygen 
concentration cell, where the surfaces with access to the greatest amount of oxygen become 
cathodic, and the surfaces with restricted oxygen access become anodic (with associated 
metal loss). Variations in oxygen access in soil may be a result of differences in the soil type, 
moisture content, and degree of compaction. Figure 2.13 below illustrates the phenomenon 
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of differential aeration. The disturbance in the soil layout can also yield different oxygen 
concentration; the undisturbed soil has less oxygen than disturbed soil due to its exposure to 
the open environment. 
 
Figure 2.13 Different dissolved oxygen levels (Peterson and Melchers, 2012) 
In the literature survey, it was found that there has been limited research on low oxygen 
concentration and the corresponding corrosion of buried pipes in the open references. The 
reason may be the difficulty in the measurement of oxygen concentration in soils. Therefore, 
the effect of oxygen concentration on the corrosion of buried pipes needs to be investigated 
thoroughly in the laboratory. 
2.4.5 Temperature in soil 
Considerable research has been carried out on the influence of temperature on the corrosion 
of reinforced concrete structures. However, to date, there has been little research related to 
the temperature effect on the corrosion of buried metal pipes. Most studies related to the 
temperature effect on buried pipes highlight the inside pipe temperature, not the outside 
temperature of the surrounding soil, as it remains quite stable with minor variations.  
However, the water temperature within a pipe can change throughout the year due to 
seasonal variations of the water source. Some researchers have studied the temperature 
dependence of corrosion of metals in aqueous solutions, including carbon steels (Li and Zuo 
2008; McNeill and Edwards 2002; Szklarska-Smialowska and Cragnolino 1980; Higuchi 
and Iida 1991; Mabuchi et al. 1991; Kritzer 2004).  
Nie et al. (2009) conducted experiments on a real salty soil to determine the temperature 
dependence of the electrochemical corrosion characteristics of carbon steel. They selected 
10% moisture content in the soil for their study. Fin their experimental investigation; they 
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found that corrosion currents and passivity may be developed in carbon steel in soil at low 
temperatures. When the temperature increased to 50oC in the system, the corrosion rates 
increased. Although the authors have contributed to temperature-related research on buried 
pipes, the results are not fully established, and there is a gap in understanding the 
temperature effect on the corrosion of buried metal pipes.   
In summary,  in the light of the above brief discussion, when carrying out research related to 
buried pipes in the laboratory, the temperature of the soil should be noted to observe any 
noticeable change, specially at the contact area between the soil and the pipe. Temperature 
sensors should be embedded at the burial depth of pipes to observe the variation of 
temperature at the burial depth of the specimens, as it is well known that corrosion is a 
thermodynamic process and the kinetics of corrosion reactions increase with the rise in 
temperature (Shreie et al., 1994).    
2.4.6 SRB in soil 
Microbiologically-influenced corrosion (MIC) is defined as the change in the corrosion 
behaviour of material/metal in the presence of micro-organisms (Costerton et al. 1987). 
Bacteria are attached to the metal surface and form biofilm, which degrades the metal 
surface by changing its physical and chemical characteristics due to the biochemical 
activities associated with their metabolism, growth, and reproduction (Hamilton 1985; Little 
et al. 2007). Several researchers have reported MIC as a cause of significant economic loss 
to the maritime, oil and gas, power generation, and water distribution industries (Videla 
1996; El Hajj et al. 2013). 
MIC caused by sulfate-reducing bacteria (SRB) has been well reported in the literature 
(Booth 1964; Little et al., 2007). SRB are anaerobic bacteria that can be found in oxygen-
deficient saturated soils, with a pH from 6 to 8, containing sulfate ions, organic compounds, 
and minerals, and they grow in soils at a temperature of 20-30 Co. Anaerobic bacteria have 
been reported to increase the corrosion process and convert non-corrosive soil to a very 
aggressive environment by generating H2S (Javaherdashti, 1999). However, in well-aerated 
soils, the effect of anaerobic bacteria on the corrosion of buried pipes is not significant. The 
microbial effect on the corrosion of metals is due to the removal of electrons from the metal, 
and principally the formation of corrosion products (Javaherdashti 2008) by: 
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a) the formation of sulfuric acid, inorganic or organic sulfides and organic acids due to the 
chemical action of metabolic products. 
b) the formation of electrochemical corrosion cells due to differential diffusion and 
concentration gradients, etc. caused by varying oxygen concentration, salt concentration, and 
pH that increase the possibilities for differential diffusion and concentration gradients, 
establishing local electrochemical corrosion cells.  
Many researchers have investigated the effect of SRB on mild steel corrosion in saline 
environments (Melchers and Jeffrey 2008; Javaherdashti et al. 2006; Raman et al. 2005). 
Recently, Javed et al. (2015) investigated the role of ferrous ions in initial SRB bacterial 
attachment and the corresponding corrosion of mild steel coupons in media with and without 
Fe.  The experiments were continued for 28 days, and the corrosion caused by SRB in the 
media with and without Fe was investigated and compared using weight-loss measurements 
and microstructural studies.  The results indicated that there was a small effect of the 
presence of Fe in the culture medium and the corresponding corrosion of coupons at the 
beginning. However, on reaching 28 days, the corrosion of coupons in the presence of Fe 
was very significant compared with without Fe. The bacterial attachment was also 
investigated at various time periods during 28 days of testing. In this study, it was found that 
in conditions where SRB mediates MIC attack, the monitoring of ferrous ion levels may be 
more critical in practice than the enumeration of bacterial cells typically undertaken in field 
studies. However, the study was conducted for only 28 days, not for longer durations. 
Therefore, there remains a gap in understanding the exact behaviour of Fe in culture media 
and the corresponding corrosion of SRB. 
Moreover, the research related to the corrosion of high carbon steel (such as SRB) in soil is 
limited.  The first MIC of cast iron pipes due to SRB in anaerobic soil was reported in 1934 
(Wolzogen Kuhr and van der Vlugt 1934). Then after a lapse of almost 70 years, some 
researchers investigated the effect of SRB on the corrosion of carbon steel in soil, but this 
study was conducted for a very short time interval of only a few days (Li et al., 2001).  
These researchers used ER probes, polarization techniques, and EIS to find the effect of SRB 
on metal corrosion.  They concluded that corrosion rates increased at 20 times that of the 
normal control case in soils. Although this study involved some electrochemical techniques 
to find the corrosion of SRB in soils, the results are not well established as the study lasted 
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only a few days. Therefore, there exists a gap in studies of the corrosion of high and low 
carbon steel caused by SRB in soils for long durations.  
Although considerable research has been carried out on the influence of SRBs on corrosion 
of metals, the literature on the effect of SRB on the mechanical properties of buried pipes is 
scant. Raman et al., (2005) investigated the effect of SRB on hydrogen pre-charged 
specimens. The researchers performed SSRT testing of hydrogen-charged specimens in the 
presence of SRB and found embrittlement, while in the absence of bacteria hydrogen 
embrittlement was not observed. The researchers did not investigate in depth whether the 
embrittlement was due to bacterial influence or some other cause. Therefore, there is gap 
related to the influence of bacteria on mechanical properties. Moreover, no research has been 
conducted on the effect of SRB on fracture properties such as fracture toughness. 
2.5 CORROSION MEASUREMENT OF BURIED PIPES 
This section covers the literature on corrosion measurements carried out by previous 
researchers on the corrosion of buried pipes. The emphasis is placed on the electrochemical 
measurement of corrosion of buried pipes conducted by previous researchers and the 
verification and correlation of these techniques by conventional mass-loss measurements. 
The method of carrying out mass-loss measurements is discussed in Chapter 3.  Moreover, in 
this section, studies related to corrosion morphology and characterization are discussed in 
brief. The details of the techniques applied in the present research for corrosion morphology 
and characterization for qualitative and quantitative analysis are discussed in detail in 
Chapter 3.  
2.5.1 Electrochemical measurements 
The current electrochemical techniques are of two types. One is direct current (DC) 
electrochemical measurement for measuring the corrosion current (icorr) at the equilibrium 
corrosion potential (Ecorr). The second type is AC electrochemical measurement of 
corrosion, which uses an alternating current (AC). The typical AC electrochemical technique 
is electrochemical impedance spectroscopy (EIS), which is commonly used for corrosion 
studies of metals (Dafter 2014).  
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Electrochemical methods were initially attempted by several researchers for the evaluation 
of the corrosion rates of ferrous metals in soils in the early 1950s with limited available 
technology and knowledge (Dafter 2014). The mass-loss measurement of buried pipelines 
was a challenging task that gave rise to electrochemical measurements for the indirect 
estimation of corrosion rates without doing actual mass-loss measurements of buried pipes. 
The application of electrochemical techniques, their shortcomings, limitations, and accuracy 
for the evaluation of the corrosion rates of the ferrous metal pipes in soils and simulated soil 
are summarised in this section . The intention is to select the best techniques that can be used 
for corrosion monitoring and the estimation of corrosion rates in soils for the purposes of the 
present research.    
One of the pioneering studies in the field of electrochemical measurement of buried pipe was 
that by Dennison and Darnielle (1939). This work investigated the correlation between the 
mass loss of coupons measured using Faraday’s Law and the actual mass loss measured by 
rust removal from the coupons. Several other researchers contributed to the electrochemical 
measurement of underground pipes and reported good consistency between electrochemical 
mass loss and actual mass loss measurement in the field (Noyce and Ritchie 1979; Lindberg 
1967; Schwerdtfeger 1961; Schwerdtfeger and McDorman 1951). Serra and Mannheimer 
(1981) did their electrochemical measurements in the laboratory. They found polarization 
resistance to be the most effective measurement. The researchers carried out electrochemical 
measurements on steel, aluminium, copper and galvanised steel coupons in five different 
saturated soils respectively for 28 days. The difference between electrochemically evaluated 
weight loss and actual weight loss was approximately 20 % due to packing, and the varying 
moisture and oxygen contents of the soils. However, one of the drawbacks of the study was 
that the depth of burial was not considered. 
Scully (1982) carried out research related to the corrosion of various metals using a variety 
of electrochemical AC and DC techniques. Scully found a decline in corrosion rates due to 
the build-up of corrosion products, which hindered the corrosion rates. Similarly, Kasahara 
and Kajiyama (1983) studied the polarization resistance of steel coupons buried in 40 
different soils for accurate weight loss measurement. Both studies indicated that polarization 
resistance measurements can give a fair estimation of mass loss for a short duration. 
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Hay (1984) conducted a comprehensive study of underground pipelines using polarization 
techniques and made a comparison of this technique with the pit depth of the specimens. 
Using an electrochemical cell developed by the Cast Iron Pipe Research Association 
(CIPRA), a correlation of R2 = 0.508 between polarization resistance and maximum pit 
depth was found and was further improved to R2 = 0.612 by doing the logarithmic fitting. 
This work was extended by Ferguson and Nicholas (1991) after modification of the 
electrochemical cell and these researchers carried out corrosion testing of specimens in soils 
using polarisation resistance. Based on their results, Ferguson and Nicholas (1991) derived 
the following empirical relationship with a correlation coefficient of R2 = 0.723:  
                                ln (pitting rate) = 0.564 – 0.01598*Rp                                               (2.8) 
Heathcote and Nicholas (1998) used polarisation resistance techniques to find the long-term 
corrosion rates and made a comparison of various electrochemical measurement techniques. 
They conducted comprehensive testing in which soil samples were collected from 16 
locations (11 in Sydney and 5 in Adelaide) in Australia. The results obtained from these 
techniques were correlated with the measured pit depth of the specimens. Later, Freitas et al. 
(2011) carried out corrosion studies of steel coupons using potentiodynamic polarisation 
techniques and measured corrosion rates and potentials. They found corrosion rates 
measured by potentiodynamic polarization were in good agreement with the largest pit 
depths. Pitting was found to be more obvious in specimens buried in soils with higher 
moisture content. 
Mohebbi and Li (2011) performed a comprehensive experimental investigation on the 
corrosion behaviour of three ex-service cast iron pipes by exposing them to three simulated 
service corrosive environments. Corrosion progress was measured by EIS studies, such as 
DC polarization and electrochemical frequency modulation (EFM) after one year of 
corrosion. They examined the morphology of the corrosion products formed on the surface 
of the specimens using XPS and XR). The microstructure of the specimens before and after 
corrosion was examined by optical microscopy and SEM, and the researchers quantified the 
various phases of cast iron ex-service corroded pipe sections.  
Barbalat et al. (2012) carried out corrosion studies of steel coupons buried in soil boxes 
mixed with deionized water and a solution of Na2SO4 respectively for 2.5 months. They 
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conducted EIS, voltammetry and weight loss measurements of the steel specimens and 
compared the results obtained from each of these techniques. From the steel specimens 
under cathodic protection, a reliable estimation of an average corrosion rate value consistent 
with actual weight losses was determined.  
In another study based on the simulated soil solutions, the long-term effect of salt 
concentration on the corrosion of carbon steel was determined by electrochemical 
measurements (Hu et al. 2013). In this study, the corrosion behaviour of rusted carbon steel 
in a 3% NaCl solution was studied using infrared spectroscopy for the understanding of the 
rust layer and the corrosion rates were measured using EIS. It was found that the corrosion 
process is accelerated due to the presence of oxygen until the developed rust prevents its 
diffusion to the metal surface. 
From the above discussion, it can is clear that linear polarization resistance is a reliable 
method for the estimation of the corrosion rates of buried metal pipes. It can, therefore, be 
used as a corrosion monitoring tool for the current research. 
2.5.2 Hydrogen concentration 
Hydrogen, which is liberated during the corrosion process, can substantially influence the 
mechanical properties of the metal. Therefore, the measurement of hydrogen concentration 
on the metal is a key aspect that can facilitate the investigation of the structural deterioration 
of metals. This section provides general details on different methods available for measuring 
hydrogen concentration. A detailed review of mechanical deterioration due to hydrogen 
liberation is provided in Section 2.6.4. 
Devanathan and Stachurski (1962) developed a device that is commonly used for 
determining diffusion and the concentration of hydrogen. The barnacle cell is a modification 
to the Devanathan and Stachurski method, where only a hydrogen oxidizing cell is employed 
for the determination of hydrogen concentration. A barnacle cell can be attached to any 
material in any environment, and enables the in situ hydrogen measurement of industrial 
materials. The barnacle cell is proposed as an indirect method as the greater the quantity of 
hydrogen measured, the greater the corrosion deterioration in the material (Shaw et al., 
1998). The details of this measurement are presented in Chapter 3. 
48 
 
Another technique to find the hydrogen concentration is eudiometry. It is reported that the 
solubility of hydrogen in liquid mercury is very low (Jiang and Li 2011). When a sample is 
placed in the eudiometer tube with liquid mercury, hydrogen diffuses out and is captured as 
described in the welding standard ANSI/AWS A4.3 (R2006). The measured hydrogen is 
equal to the volume of hydrogen collected from the sample. Another method for determining 
the hydrogen concentration in samples is the vacuum foil method (Shaw et al., 1998; Shaw 
& Matie, 1998).  
Some other techniques are available for the determination of hydrogen concentration. For 
example, the hydrogen that comes out from the material surface is collected in an air stream 
and analyzed by a remote hydrogen detector with a sensitivity of 10-3 bar (Dean and Fray 
2000). There is a method called thermal outgassing, in which hydrogen- charged material is 
placed in air or a vacuum and then it outgasses which is recorded for hydrogen concentration 
measurement (Iacoviello et al., 1998). There is a technique called hydrogen micro-print 
(Ichitani & Kanno 2003), which is reported to be 40-75% sensitive as a hydrogen permeation 
method. Further, laser ablation has been proposed to examine hydrogen in welds (Smith et 
al. 2001a; 2001 b). Secondary ion mass spectroscopy (Birnbaum et al. 1982) has also been 
used for hydrogen concentration measurement.
2.5.3 Corrosion rate 
The reduction in mass of a specimen due to the corrosive environment is an indicator of 
corrosion damage, commonly termed mass loss. This mass loss is representative of the 
section or thickness reduction of the specimen, but not in all cases. The rate of reduction of 
the thickness of the specimen may be high or low, depending on a number of factors. 
Sometimes the rate is high due to the rapid corrodibility of the environment (e.g., its acidity) 
and sometimes low due to a non-aggressive environment. The rate of thickness reduction for 
long exposure in corrosive environments can vary or become stable with time. This rate of 
thickness or sectional loss with time is a very important corrosion measurement in assessing 
the life of engineering material, and it is widely known as the corrosion rate. The details of 
how to calculate mass loss and the corresponding corrosion rate are discussed in Chapter 3.  
49 
 
2.5.4 Corrosion pit depth 
The most important and influential corrosion measurement is corrosion pitting or the 
maximum corrosion depth, which causes localized deterioration or loss of material in metal 
or metallic structures. Previous research related to the corrosion of buried pipes suggested 
this measurement as the most influential in determining the remaining service life of buried 
pipes (Seica 2002) and causing the fracture/failure of pipes, particularly cast iron pipes 
(Rajani et al. 2001). Pitting corrosion of a buried material can be measured using modern 
techniques, such as eddy current and ultrasonic test methods. However, the accuracy of the 
measurements taken by these devices remains questionable, as very inaccurate 
measurements have beeen reported. For the measurement of the pit depth of corroded 
material, first the removal of the corrosion products is done using the preferred method or 
technique (chemical or electronically as per ASTM G1-03 2014), and after cleaning the 
specimens the pit depth measurements are taken. For cast iron, abrasive blasting is used to 
remove corosion products due to graphites (graphitization). This is illustrated in Figure 2.14 
below which shows a cast iron pipe section before and after abrasive blasting respectively. 
 
Figure 2.14 Procedure for measuring pith depth using pit depth gauge meter 
In addition to manual pit depth measurement by gauge, there is a device called a 3-D laser 
scanner which is increasingly being used for pit depth measurement and the analysis of 
buried pipes in the field because of its ease of operation. It removes the pain of hectic 
manual pit depth measurements and the time required to process the data. The repeatability 
and the time required for inspection are 10 times better than the manual inspection by pit 
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gauge. This device can be used in the laboratory, depending on the size of the specimens 
under consideration (Allard and Mony 2013).  
2.5.5 Resistivity 
Several methods are used to determine the resistivity of soil.  However, the most commonly-
used method for the determination of the resistivity of soil is the Wenner Four Probe 
method. This method is commonly used in laboratories and the field. It is performed as per 
ASTM G57 (2012) using a resistivity measuring device. To perform resistivity 
measurement, four electrodes are driven into the soil at equally spaced distances and are 
wired in parallel. An AC or DC current is applied to the two exterior electrodes, and the 
potential drop is measured between the two inner electrodes. 
2.6 EFFECT OF CORROSION ON MECHANICAL PROPERTIES OF 
METAL PIPES  
This section reviews the literature related to the effect of corrosion on the mechanical 
properties of buried pipes to devise a methodology to meet the objectives of the present 
research. As discussed in Chapter 1, one of the main objectives of the current research is to 
find the corrosion stimulating factors in soils for cast iron pipes, and finding the effect of 
these factors on the mechanical properties such as fracture toughness is the second main 
objective. The literature related to corrosion stimulating factors in soils has already been 
reviewed. This section provides basic knowledge of the fundamentals of fracture mechanics, 
mode I fracture toughness, and the effect of corrosion on the mechanical properties of buried 
pipes. A review of the effect of hydrogen released from the corrosion process on the 
mechanical properties of steel is also presented in this section. 
2.6.1 Basics of fracture mechanics 
Griffith (1920) was one of the first to suggest that crack propagation was only possible if the 
total energy of the system decreased or remained constant, resulting in the extension of the 
crack. Griffith proposed that for crack propagation in a brittle body (for example glass), the 
stored potential energy U in the material must be large enough for the energy S required to 
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create new surfaces (cracks). A change or an incremental increase in crack area dA can be 
written as follows: 
                                                  ௗ஺ௗௐ ൌ
ௗ௎
ௗ஺ ൅
ௗௌ
ௗ஺                                                       (2.11) 
where, W= total energy 
The critical condition for fracture occurs under equilibrium conditions when there is no 
change in total energy, i.e. ௗௐௗ஺=0. By evaluating Eq. (2.12)
ௗௐ
ௗ஺=0, Grifith derived an equation 
for the infinitely-remote applied stress ıc at which brittle fracture occurs in an elastic plate 
with internal crack of length 2a as follows 
                                                                      ıc=ξଶா
ᇲం
గ௔                                                                                     (2.12) 
 
where, E = Young's Modulus, E' = E for plane stress and E' = E / (1-ݝ2) for plane strain, and  
ȯ = specific elastic surface energy 
It was soon discovered that the values of critical stress calculated according to Eq. (2.12) 
were much lower than those measured in experiments on metals. This was because even the 
most brittle crack extension is accompanied by small amounts of plastic deformation at the 
tip of the crack. In 1948, Irwin proposed a modification in the Griffiths theory by including 
the work of plastic deformation Ȗp in small zones in front of the crack. He proposed that this 
plastic work should be added to the specific elastic surface energy Ȗ: 
                                                                 Ȗeff =Ȗ+ Ȗp                                                         (2.13) 
Ȗeff is known as the effective surface energy. Although the modified Griffith's equation 
accounts for small regions of plastic deformation at the crack tip, it still requires that the 
global behaviour of the material is linear elastic. Irwin (1948) and Orowan (1948) modified 
the Griffith expression to account for materials that are capable of plastic flow. The revised 
expression is given by 
                                                      ɐ ൌ ቀଶ୉
ᇲሺ஌ୱା஌୮ሻ
஠ୟ ቁ
ଵȀଶ
                                                                       (2.14) 
where, Ȗp =work of plastic deformation, and  Ȗs= surface energy 
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Linear Elastic Fracture Mechanics 
Fracture mechanics blossomed and new concepts were developed in the last century. Griffith 
(1921) laid the foundations of linear elastic fracture mechanics (LEFM), which is the 
fundamental theory of fracture mechanics. Griffith used the energy based approach to solve 
the problem of crack propagation instead of the the stress criteria. Next, Irwin (1948) 
introduced the concept of the stress intensity factor followed by Rice’s (1968) development 
of the J-integral. Both these researchers related their stress intensity and J-integral to the rate 
of energy release. The application of LEFM is common to any materials as long as the 
material is elastic, with the exception of the region at the crack tip because of high stresses 
there. For LEFM to govern, the size of this region must be very small.  
Stress intensity factor approach  
In 1957, Irwin used a method developed by Westergaard (1939) to derive the stress 
distribution in an elastic plate containing a crack subjected to a uniform tensile stress acting 
perpendicular to the plane of the crack. Irwin showed that the singular part of any 
component of the stress tensor at a point P close to the crack tip exhibits the same 
dependence as its polar coordinates (r, ύ) and differs only by a constant factor. 
The introduction of the quantities G and K as fracture parameters was a significant milestone 
for fracture mechanics. Both quantities are functions of load and both attain their critical 
values at the time of crack initiation (the critical value of the stress intensity factor K, is the 
fracture toughness K1c; the subscript 1 denotes mode 1 loading as discussed below). Irwin 
(1957) concluded that as long as the region of plastic deformation at the crack tip is small 
compared to the crack length and the uncracked ligament length (small-scale yielding), non-
elastic strains do not significantly affect G. The stress and strain fields close to the crack tip 
can, therefore, be described by a single parameter, K or G, with reasonable accuracy. K and 
G relate much localized stresses to external macroscopic parameters such as loading. 
There are three deformation modes of fracture: opening mode (Mode I), in-plane shear mode 
(Mode II) and out-of-plane shear or tear mode (Mode III), as shown in Figure 2.15. Mode I 
fracture only concerns real tension cases without any shear. Mode II focuses on pure in-
plane shear problems, and Mode III concentrates on out-of-plane shear problems. For some 
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applications, part or all of these three modes are combined to form a mixed-mode problem. 
Mode I, II and mixed-mode are beyond the scope of this research and will not be further 
discussed here. 
 
 
 
Figure 2.15 Schematic of three deformation modes of fracture (Anderson 2017) 
The coefficient KI is the opening mode (Mode I fracture) stress intensity factor. This factor 
is considered to be a function of load, crack length and structural geometry, and accounts for 
the singularity of the stress field at the crack tip. For an infinite plate, the value of K1 can be 
given by 
                                                                                                                  (2.16) 
When the plate is loaded to its failure stress , the above expression becomes 
                                                                                                               (2.17) 
is a material fracture property called the fracture toughness. Once this toughness is 
available, the failure stress is then known. The stress intensity factor can also serve as a 
fracture criterion, which is 
                                                                                                                     (2.18) 
Since the emphasis of the current study is on Mode , only Mode I fracture is discussed. 
Fracture toughness testing standards (ASTM 399 2006; ASTM E 1820 2013) impose the 
following size requirement for valid K1c testing which ensures that small-scale yielding 
conditions prevail at the crack tip at fracture: 
                                                        B, a >2.5(୏ଵେ஢୷ ሻଶ                                                         (2.19)                         
aK SV ,
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,
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where a = crack length, B = specimen thickness, W= specimen width, and  ıy = material 
yield strength. 
Irwin (1957) classified different types of cracks according to the direction of displacement of 
the crack faces in the vicinity of the crack tip.  
Crack tip opening displacement (CTOD) 
LEFM applies only when the non-linear deformation of the material is confined to a small 
region near the crack tip. This is called small-scale yielding (SSY) when the plastic zone is 
small compared to any characteristic length in the component, such as crack length or 
uncracked ligament length. LEFM no longer describes conditions when large regions of the 
material are subject to plastic deformation.
Wells (1961) observed that crack faces move apart before fracture because the initially sharp 
crack tip blunts under load. He also observed that the distance between the crack faces 
increases in proportion to the fracture toughness of the material. Wells proposed that the 
separation distance between the crack faces at the point of fracture could be used as a 
measure of fracture toughness even when LEFM is no longer valid. This distance is known 
as the crack tip opening displacement (CTOD). Two common definitions of CTOD, 
illustrated in Figure 2.16, are the displacement at the original crack tip and the displacement 
at the intersect of the crack flanks with a 900 vertex. 
 
Figure 2.16 Alternative definitions of CTOD: (a) displacement at the original crack tip and 
(b) displacement at the intersection of a 900 vertex with crack flanks (Anderson 2017) 
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2.6.2 Mode I fracture toughness   
The specimen’s orientation for fracture toughness testing of corroded pipe sections is a 
matter of great importance for finding the true or real K1C of the metallic pipes, but to date 
little research has been conducted in this area. In the research literature, there exists a 
difference of opinion among researchers relating to specimen orientation for fracture 
toughness testing using flexural testing methods. The strict thickness constraints for plane 
strain conditions sometimes make it difficult to perform fracture toughness testing of 
specimens cut from pipes, as required by the relevant ASTM standards. The approaches 
which different researchers have applied for fracture toughness testing of corroded pipe 
sections can be classified into two categories as explained below. 
Load acting on the corroded outer surface of pipes with pits. Some researchers have tested 
small diameter corroded pipe sections of 500 mm and 1 m length for three- and four-point 
flexural bending. The specimens were oriented so that the surface of the specimen associated 
with the exterior surface pipe section experienced the stresses. The details of the testing 
procedure can be found in the literature (Atkinson et al. 2002; Belmonte et al. 2008; 
Belmonte et al. 2009).  Since in the present research pipe sections are not used, the details of 
how the testing was performed are not provided here.
Conventional ASTM-based plane-strain fracture toughness testing. Fracture toughness 
may depend on the orientation of the fracture surface and the direction of crack growth. This 
is particularly true in crystalline materials in which certain planes may have lower fracture 
energies than others or in composite materials where the geometry of the reinforcing fibers 
or particles results in elastic anisotropy and great differences in fracture toughness in 
different directions. Toughness may also vary with direction in polycrystalline metals due to 
the texture induced in grains by rolling or extrusion. To standardize the reporting of 
toughness data, a lettering scheme has been introduced in which specimens are referred to as 
having a T-L, or L-T or other orientation. As shown in Figure 2.17, the T-L specimen 
fracture plane normal is in the width direction of a plate and the expected direction of crack 
propagation is coincident with the direction of the maximum grain flow (or longitudinal) 
direction of the plate.
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Figure 2.17 Labelling of fracture test specimen orientations. The first letter refers to the 
direction normal to crack plane. The second letter refers to prospective crack growth 
direction (Anderson 2017) 
ASTM E399 (2012) and ASTM 1820 (2013) are the most common fracture toughness 
testing standards, and the three-point bending test is the most commonly used fracture 
toughness testing procedure. According to the above ASTM standards; the size of the 
specimen should be within limitation with a single edge notched at the centred and should be 
fatigue-cracked in three-point bending with a support span, S, nominally equal to four times 
the width, W. To calculate the thickness (B) of the specimen, the equation is given by 
ASTM 1820E (Eq. 2.19 mentioned above). A general fracture toughness specimen with 
dimensions is shown in Figure 2.18. The specimen for fracture toughness is designed such 
that B, a, and W-a are approximately equal.  
 
 
 
 
Figure 2.18 Schematic representation of fracture toughness specimens with dimension 
requirements (ASTM E 1820 2014) 
The fracture toughness of brittle materials such as cast iron pipes is evaluated in plane- strain 
condition, which is dependent on the thickness of the material, as mentioned above. Figure 
2.19, taken from original research conducted on various cast iron pipes and modified 
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slightly, illustrates the plane stress and plane strain conditions and fracture toughness (KIC) 
dependency on thickness. In this figure, the plane stress region indicates the variation of Kc 
with thickness, while the plane-strain region represents the condition in which Kc is quite 
uniform. Therefore, Kc is denoted as KIC. 
 
Figure 2.19 Comparison of plane stress, Kc, and plane strain, K1C, with thickness of cast iron 
pipes (Mohebbi et al. 2010) 
Since plane stress and plane-strain conditions are basic terms used for fracture toughness 
evaluation, it is important to understand both of them.  The material in plane-strain condition 
shows strain only perpendicular to the crack propagation, and not in the direction of the 
crack, and this condition is achieved in relatively thick samples. Moreover, the size of the 
plastic zone is very small at the crack tip when the sample section is large. A large section of 
the sample plane strain gives the lowest Kc values (Figure 2.19) and typically produces 
brittle failure. In plane stress conditions, the materials fail in ductile mode most of the time 
and the Kc values of the material are large. Moreover, samples in plane stress condition 
experience displacement along the crack direction when subjected to load. 
It has been found that when the stress concentration at the crack tip of the material reaches 
its yield strength, a plastic zone is developed (Shaukla 2005). The size of the plastic zone 
governs the plane stress condition if it is large, causing ductile failure, while the plane strain 
condition prevails if its size is small, causing brittle failure. The fracture process zone, i.e., 
the stress intensity zone, lies slightly ahead of the crack tip and outside the plastic zone and 
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is denoted as the K zone (Irwin 1957) The stress field away from the crack front remains 
unaffected if the size of the plastic zone is small compared with the K zone, which also 
ensures a uniform elastic stress distribution in the K zone. A schematic representation of the 
plane stress (Ps), plane strain (Pn), fracture (F) and K zones is shown in Figure 2.20 (Shaukla 
2005). It should be noted that stress intensity formulas at the crack tip are only applicable 
when the plastic zone is small compared to the K zone. Otherwise, LEFM does not hold true.  
 
Figure 2.20 Schematic of stress zones near the crack tip (Shaukla 2005) 
2.6.3 Previous studies on the effect of corrosion on mechanical properties 
of pipes 
Fracture toughness is well known and understood as a material property, and is defined as 
the resistance of the material against cracks and fracture (Knott 1973; Anderson 2017). In 
the late 1970s, the fracture toughness of spun cast and ductile iron pipe specimens was 
evaluated using the bending method. The specimens were cut along the longitudinal 
direction with the wall thickness being the thickness of the specimens subjected to loading 
(Schofield et al. 1977).  
Corrosion may cause any degradation of mechanical performance or properties of the pipe 
with time that might contribute to failure. Corrosion causes a critical defect in the material in 
the form of pitting, due to which the generated stress intensity may exceed the fracture 
toughness of the material, resulting in pipe failure. Therefore, failure in a pipeline occurs 
when the pipe at a particular location loses its mechanical properties due to corrosion. 
Therefore, in order to understand the failure mechanism of buried pipes, knowledge of 
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factors contributing to corrosion of pipes in soil and their influence on fracture toughness is 
essential. Moreover, in standard practice, pipelines are designed for their structural capacity 
considering the internal and external stresses to which pipes are subjected. Consequently, the 
influence of corrosion has not been given due consideration in design guidelines to date.  
Some researchers have investigated the failure modes of buried water mains by finding the 
tensile strength of old corroded pipe sections taken from sites. For example, Kirby (1977) 
conducted tensile testing of grey cast iron specimens obtained from pipes with diameters 75 
to 150mm that were installed between 1900-1958. These pipes were internally and externally 
corroded and the uncorroded tensile strength was between 150-170 Mpa. Tensile specimens 
cut in the longitudinal direction and flexural testing of whole sections of grey cast iron 
revealed that the flexural strength was higher than the tensile strength of the material. Collin 
and Bakar (1991) explained that the reason for such high flexural values compared with the 
tensile strength of the pipe sections was the difference in tension and compression 
behaviour.  Moreover, Kirby (1977) developed a relationship between corrosion depth and 
the tensile properties of grey cast iron without using the structural and fracture mechanics of 
cast iron.  
Yamamoto et al. (1983) tested cast iron specimens 100 to 755mm in diameter which were 
installed between 1901-1958.  The tensile and ring strengths of these pipes were determined 
to assess the impact of graphitization on both of these mechanical properties. The 
uncorroded strength of the cast iron was found to be 140 Mpa. They developed a relationship 
between the graphitization ratio and the tensile strength, but it was not found to be useful in 
assessing the structural condition of water mains. In 1985, the Philadelphia Water 
Department conducted an extensive and comprehensive test program of tensile and rupture 
testing. The ages of the pipes were in the range of 20 to 130 years. The analysis of the testing 
revealed huge variation in the tensile and rupture strength due to the pit depths of the test 
specimens. 
Another study was conducted in Calgary in 1985 by Caproco Corrosion Prevention Ltd. to 
determine the mechanical, metallurgical and chemical properties of various cast and ductile 
iron water mains. The pipes were found to be spun cast with dates of installation from 1957 
to 1963. The tensile strength was found to be in the range of 70 to 217 Mpa for various cast 
and ductile iron pipes.  
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Colin and Baker (1991) extended the previous studies of  the mechanical properties of old 
grey cast iron pipes. They determined the tensile strength to be  in the range of 137 to 212 
Mpa and the fracture toughness to be 10.5 to 15.6 Mpa(m)0.5 respectively. They related the 
failure of the pipes to fracture toughness and not the reduction in section modulus. 
Moreover, they developed a relation between pit depth and the tensile strength of the pipes. 
Rajani (2001) further extended research on the mechanical properties of corroded cast iron 
pipes. He conducted a series of mechanical tests with grey cast iron, including 1) strength 
tests without corrosion-induced pits, 2) the influence of manufacturing techniques on 
mechanical properties, 3) the correlation of the mechanical properties of uncorroded 
specimens obtained from various test procedures. 4) The influence of pit geometry on the 
residual strength of grey cast iron.  
The tests performed by Rajani (2001) in his investigations were fracture toughness, tensile 
testing of coupons containing defects in the neck, full-size burst tests on corroded pipe 
sections, and ring tests correlating bending strength to the tensile strength. This researcher 
found that the fracture toughness and tensile strength of pit cast pipes were lower than those 
of spun grey cast iron pipes. Rajani (2001) proposed the ring test as a good substitute for 
tensile and bending tests. Different correlations were developed between the tensile strength, 
rupture modulus and fracture toughness to provide an indirect and alternative way of 
estimating the tensile and fracture toughness from ring tests. Moreover, the researcher 
developed a methodology to predict the remaining service life of grey cast iron using the test 
results he obtained. 
Mohebbi et al. (2010) performed fatigue and fracture toughness testing of various specimens 
cut from cast iron trunk mains in the UK. They made the specimen surfaces flat and 
polished, unlike Rajani (2000), who did not machine and make flat specimen. Three-point 
bent specimens were used to carry out fatigue and fracture toughness tests, and S-N fatigue 
curves were made for various specimens. Metallurgical and microstructural examinations of 
these specimens were carried out to observe the crack growth behaviour of different types of 
cast iron. Moreover, the sizes of different types of graphite were measured and classified. 
Mohebbi et al. (2010) used the Paris relation to consider the role of defects, specifically 
those which may arise in service as a result of corrosion of cast iron mains. This research 
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highlighted for asset managers of cast iron water infrastructure that the role of in- service 
corrosion in generating defects is greater than that of mechanically-generated defects.  
Recently, Hou et al. (2016) conducted a comprehensive experimental program to investigate 
the effect of corrosion on the mechanical properties of metals in simulated soil solutions of 
varying pH. Two types of metals, namely, cast iron and steel, were immersed in three 
different pH solutions. A relationship between the corrosion and degradation of mechanical 
properties (tensile and fracture toughness) of metals was developed. It was found that the 
acidity of the solution caused more corrosion of the metals. However, the acidity of the 
solution was not correlated with the corresponding reduction of fracture toughness and 
tensile strength of the tested metals. Further, there are several limitations and gaps in this 
study. First, this study was conducted using soil solution, which is not representative of the 
corrosive soil environment. Secondly, uncoated specimens were used, i.e., the whole surface 
area of the specimens was exposed to the corrosive environments of soil solutions, which 
limits the acceptance of an external corrosion mechanism. Furthermore, notched specimens 
were used, which did not simulate the uncorroded pipeline material. Therefore, the 
applicability of the outcomes to practice is limited to the tested conditions, and there remains 
the question whether the fracture toughness of buried ferrous metal pipes changes in 
corrosive soil environments. 
2.6.4 Comparison of fracture toughness of cast and ductile iron  
Knowledge and understanding of the microstructure of various types of cast iron materials or 
pipes are necessary in order to carry out future research on corrosion and its influence on the 
fracture toughness of buried cast iron pipes. For such studies, it is imperative to know which 
factors can cause a change in the fracture toughness of cast iron. This section reviews the 
literature on the change in fracture toughness of cast iron due to the change in graphite 
morphology and the matrix microstructure of various types of cast iron. This section is based 
on the comprehensive review paper on fracture and fracture toughness of cast iron by 
Bradley and Srinivasan (1990). In this section, only the key findings of the review are 
presented and discussed.  
Bradley and Srinivasan (1990) conducted a thorough examination of the fracture toughness 
of various types of cast iron, considering their manufacture and materials, and metallurgical 
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and compositional aspects. Their review revealed that the fracture toughness of cast iron 
depends on the graphite’s shape and size and the matrix microstructure. The authors 
presented their observations of fracture toughness values of various types of cast iron. These 
observations were collected from various reliable sources of research. The various fracture 
toughness values obtained through Charpy testing are presented in Figure 2.21. Figure 2.21 
shows that the upper-shelf fracture toughness of ferritic and pearlitic cast iron changes with 
graphite shape, while the lower shelf remains unaffected. Moreover, the authors considered 
the fracture toughness values of ductile iron with various matrixes, from fully ferritic to fully 
pearlitic, as shown in Figure 2.22. This figure illustrates the decline in the upper-shelf 
fracture toughness and increase in the ductile toughness up to the brittle transition 
temperature. In the case of grey cast iron (with flake graphite) the trend is reversed, with an 
increase in fracture toughness when the matrix changes from ferritic to pearlitic. 
Furthermore, the authors stated that most alloying elements and the addition of impurities 
can cause changes in the fracture toughness of cast iron.  
 
Figure 2.21 Effect of graphite shape on fracture toughness of pearlitic and ferritic grades of 
various cast irons (Bradley and Srinivasan 1990) 
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Figure 2.22 Effect of microstructure on fracture toughness of ductile iron                               
(Bradley and Srinivasan 1990) 
2.6.5 Corrosion and corresponding hydrogen effect on tensile properties of 
steel  
This section reviews the influence of hydrogen on the mechanical properties of steel, and 
explains how hydrogen is liberated in the corrosion process, enters steel and causes damage.  
In addition, the different sources of hydrogen and the types of hydrogen embrittlement are 
presented. The process of hydrogen embrittlement, macro- and micro-level studies 
conducted on the hydrogen embrittlement of steel and the gaps and limitations of these 
studies are also presented.  
Atomic hydrogen is released during the following reactions. It then accumulates at voids or 
defects in the steel, forming molecular hydrogen. The molecular hydrogen leads to an inner 
pressure increment and micro-crack initiation, which consequently degrade the mechanical 
properties of steel in a process commonly known as hydrogen embrittlement.   
Oxygen reduction reaction (ORR):     
ଵ
ଶ ଶ ൅ ʹଷା ൅ ʹ ՜ ͵ଶ (In acidic solution)                                                              (2.21)         
ଵ
ଶ ଶ ൅ ଶ ൅ ʹ ՜ ʹି(In neutral and alkaline solutions)                                          (2.22)                        
Hydrogen evolution reaction (HER): 
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ଷା ൅  ՜ ଵଶଶ ൅ ଶ(Acid solution)                                                                        (2.23)                        
ଶ ൅  ՜ ଵଶଶ ൅ ି(Neutral, alkaline)                                                                      (2.24) 
The absorbed hydrogen can cause severe damage to steel structures in the form of cracking 
due to the embrittlement of steel. The presence of hydrogen, a product of corrosion 
reactions, aggravates the steel degradation process in a two ways. A portion of the hydrogen 
produced enters the material, increasing the lattice strain. Hydrogen also migrates and 
accumulates at locations of high strain, such as the plastic zone near the crack tip (Mao and 
Li 1998; Cheng 2007). This results in the decrease of fracture resistance of the crack tip, 
leading to propagation of the crack into the material. 
There are a variety of hydrogen sources, including gas product streams, hydrogen sulfide 
product contaminants, groundwater, welding, acid pickling, electroplating, forming, casting, 
and oil and gas contained in vessels. However, with the world-wide use of cathodic 
protection, there is increased likelihood of hydrogen-induced embrittlement, manifested in 
cracking and loss of ductility of steel (Hardie et al. 2006). The reduction in ductility of steels 
is due to cathodic charging, which results in the absorption of hydrogen during that process. 
Hydrogen released from these sources causes various forms of embrittlement of metallic 
materials. Hydrogen embrittlement of steel can be caused internally by the pre-existing 
hydrogen within the steel (internal hydrogen embrittlement) and environmentally-assisted 
hydrogen embrittlement, where hydrogen is generated from the environment, such as 
gaseous hydrogen or a corrosion reaction. A comparison of internal and environmental 
hydrogen embrittlement was carried out by Symons (2001).  
Macro-mechanical properties 
Various studies have been undertaken to investigate the deleterious effect of hydrogen on 
metals, mostly by experiments (Zheng and Hardie 1991; Zakroczymski 2005; Zucchi et al. 
2006). One approach is to charge the samples with hydrogen using different techniques and 
then study its effect by comparing their mechanical properties with those of uncharged 
samples. However, for such experiments, large numbers of parameters can be changed and 
set differently, which can cause ambiguities/discrepancies in the findings obtained from the 
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same material. Djukic et al. (2015) found that hydrogen reduces the fracture resistance of the 
crack tip, leading to the enhanced progression of cracks in low carbon steel. In recent 
research, Djukic et al. (2016) investigated the hydrogen embrittlement (HE) mechanism and 
high-temperature hydrogen attack by the microstructural analysis of fractured surfaces of 
Charpy specimens made of steel taken from failed boiler evaporator tubes. A model for the 
HE prediction of industrial components is presented in this research. Recently, Li et al. 
(2016) found the effect of hydrogen on the tensile properties and fracture behaviour of PH 
13-8 Mo, a precipitation-hardened martensitic stainless steel, by first ageing it at very high 
temperatures and then charging it with hydrogen for a few hours. Their scanning electron 
microscopy results indicated that hydrogen-charged specimens showed quasi-cleavage 
fractures and inter-granular fractures in the annular brittle zone, while dimple fractures were 
observed in uncharged specimens. The reduction of tensile strength and the increase in yield 
due to hydrogen-enhanced de-cohesion were also detected. These studies are limited to the 
mechanism of hydrogen- induced embrittlement of steel charged with a high concentration 
of hydrogen and under extreme conditions of high temperature. The corrosion process and 
the subsequent release of hydrogen causing embrittlement were not investigated.  
Nano-mechanical properties  
Macro-level investigations of the HE of steel and many micro- and nano-level studies have 
been conducted recently to observe the effect of hydrogen on steels and iron-related alloys. 
In a recent study, two types of ferritic alloy (Fe–3wt%Si) steel were used for 
experimentation (Hajilou et al. 2017). Micro-sized specimens were used, as previously 
employed by other researchers for the micro- and nano-level evaluation of HE (Deutges et 
al. 2013; Armstrong et al. 2009; Stratulat et al. 2016; Deng et al. 2017). In the study 
conducted by Hajilou et al. (2017), an in situ electrochemical set-up in combination with a 
nano-indentation system was used for bending tests on single- and bi-crystalline (Fe–
3wt%Si) ferritic steel micro-cantilevers. The specimens were electrochemically charged with 
H in the system. In situ electrochemical nano-indentation and micro-cantilever bending tests 
were performed using a Hysitron TI950 Triboindenter system with an integrated 
miniaturized electrochemical cell, as described in Hajilou et al. (2017). The effect of Hon the 
steels was studied as a function of the chemical concentration and microstructure, i.e., the 
alloying element and the grain boundary.  
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In another recent study by Hajilou et al. (2017), micro-sized cantilever specimens were bent 
in a combination of a nano-indentation system and Environmental Scanning Electron 
Microscope (ESEM). The small size avoided the variation of parameters involved in HE and 
the proximity effect from the free surface for in-situ Transmission Electron Microscope 
(TEM) experiments. An FeAl intermetallic alloy with B2 crystal-structure was used for 
experimentation. ESEM was used as hydrogen-charging instrumentation. In the experiments, 
the yield strength of Fe-40Al was found to decrease with decreasing strain rate when tested 
in air, while in vacuum the yield strength was independent of the strain rate. The specimens 
were tested in both vacuum and ESEM with water vapour conditions to reveal the effect of 
moisture-produced hydrogen. The researchers found that, hydrogen in FeAl reduced the 
yield strength, flow strain, and strain to failure. The moisture-produced hydrogen reduced 
the plastic zone area and facilitated the nucleation of cracks.  
Based on the above discussion, it is clear that there is considerable research on the hydrogen 
embrittlement of steel, mostly using charged specimens to simulate the hydrogen damage. 
However, there has been little research on how corrosion and its corresponding release of 
hydrogen affect the mechanical properties of steel when exposed to various corrosive 
environments. Moreover, more information on the quantification of corrosion and hydrogen-
induced degradation is needed.  
2.7 SUMMARY  
In this chapter, the fundamental knowledge of corrosion, its basic concepts and different 
forms of corrosion were reviewed to show how corrosion of metal occurs. Next, specific 
knowledge and research related to underground corrosion research is were presented. The 
detailed literature review presented here has shown that, despite earlier comprehensive field 
studies on the corrosion of buried pipes, most laboratory studies have concentrated on the 
moisture content of the soil and its corresponding effects.  Moreover, the effect of corrosive 
ions and pH has been investigated using simulated soil solutions with few studies of real 
soils. Furthermore, studies related to the long-term effect of SRBs on the corrosion of buried 
metal pipes in real soils have been limited. Therefore, there is a need for laboratory studies 
on real soils to investigate the effect of varying pH, keeping other factors consistent. The 
coupled effect of moisture content, pH and the corresponding resistivity incorporating 
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differential aeration using soil cover on the corrosion of buried ferrous metal pipes still 
needs to be investigated in depth, and hence there is an apparent gap related to such studies. 
Furthermore, the effect of corrosion on the mechanical properties, such as fracture toughness 
and embrittlement, of buried pipes and the nano-mechanical properties in the soil 
environment need to be addressed in future research.  
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CHAPTER 3 EXPERIMENTAL METHODOLOGY 
3.1 INTRODUCTION 
The aim of the research reported in this thesis was to investigate the key factors contributing 
to external corrosion and its effect on the mechanical properties of buried water pipes. The 
review of the literature identified the gaps in the current state of practice and knowledge of 
the deterioration of water pipes due to corrosion. Following a comprehensive review of 
previous research and in recognition of industry requirements, the chapter presents the 
research methodology developed to address the gaps and to meet the objectives of the 
research. A comprehensive program of laboratory experiments was planned to monitor and 
evaluate corrosion and its effects on the mechanical properties of cast iron, ductile and steel 
pipes in different corrosive environments. The purpose was to investigate the key factors 
influencing the external corrosion of ferrous metal pipes in a controlled environment so that 
their individual and combined effects on the corrosion of pipes could be investigated by 
simulating the underground environment. Although considerable research has been carried 
out in the field of underground pipe corrosion (see Chapter 2), due to the complexity of soil 
structure and uncertainties in field conditions affecting soil parameters and properties, the 
findings of the previous research are not well established. Moreover, little attention has been 
paid to date to conducting a comprehensive experimental program in the laboratory. There 
may be two main reasons for this: 1. that pipe failures due to corrosion are unpreventable, 2. 
they are unpredictable. Therefore, a thorough understanding of the factors affecting 
corrosion in soil is necessary to prevent frequent failures of pipes and to develop repair and 
maintenance strategies. This understanding and knowledge can be gained by conducting 
extensive laboratory experiments simulating the underground environment, as more 
parameters can be controlled in the laboratory than in the field. In the light of the need to 
investigate the corrosion of buried pipes, the intention of the present research was to carry 
out a comprehensive test program to evaluate the key factors in soils which cause corrosion 
of cast iron pipes in particular. The key factors affecting corrosion in soils were identified in 
the literature review, i.e., pH and moisture content. These factors were investigated by 
designing the specimens and making homogenous soil environments of uniform particle size 
and density etc., for the simulation of external corrosion. In addition, corrosion tests in 
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simulated soil solution were also performed to investigate the correlations between the soil 
and simulated soil solutions. Three types of metal i.e., cast iron, ductile and mild steel, were 
immersed in solutions with varying levels of pH. The other advantage of simulated soil 
studies is their convenience for developing corrosion models compared with soil, as soil has 
a complex and heterogeneous structure.  
In addition, fracture toughness tests were performed to evaluate the effect of corrosion on the 
mechanical properties of cast iron pipes in soil, and of cast iron, ductile and steel pipes in a 
simulated soil environment. The procedures are explained in this chapter. The purpose of 
testing the corroded specimens for fracture toughness was to observe the variation in the 
material properties due to corrosion with time. The reason was that finding the effect of 
corrosion on fracture toughness would explain the reason for sudden pipe failure, 
particularly of cast iron pipes. Furthermore, the literature survey identified the influence of 
bacteria on the corrosion of buried pipes as a key factor causing corrosion in soil. Therefore, 
long-term experiments on the microbiologically-induced corrosion (MIC) of cast iron pipes 
caused by sulphate reducing bacteria (SRB) were also conducted. The purpose of studying 
MIC was to compare MIC-induced corrosion with other factors in soil, such as its acidity 
and saturation level. Furthermore, tests of corrosion and the corresponding hydrogen-
embrittlement (HE) of steel pipes in various simulated soil solutions were conducted. 
Various microstructural techniques were applied to explain the mechanisms and failures of 
pipes due to HE. The experimental methodology carried out for HE testing, tensile testing 
(short- and long-term) and the microstructural techniques are also discussed in this chapter.  
Finally, the details of the procedures for the nano-mechanical tests performed on corroded 
cast iron, ductile iron and mild steel specimens are presented in this chapter. Nano-
mechanical tests were performed on specimens that were removed from their respective soil 
(cast iron) and simulated soil environments (ductile and steel) after the maximum duration of 
their corrosion. The purpose of this testing was to observe how corrosion influences the 
exterior exposed surfaces of pipes at the nano-level. 
The significance of the experimental program presented in this chapter is manifold. First, the 
key factors in soil and their correlation with the corrosion of buried pipes are investigated. 
Second, the development of new corrosion models based on the experiments may result from 
the outcomes of the present research. Third, the influence of corrosion on the provisional or 
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candidate fracture toughness of pipes is investigated, and consequently the empirical 
relations between corrosion and fracture toughness can be developed. Moreover, a more 
accurate prediction of the remaining service life of buried pipes can be carried out based on 
the outcomes of this experimental program.  
3.2 TEST METHODOLOGY AND EXPERIMENT PROGRAM 
 Since the research related to the laboratory investigation of corrosion of pipes in soil is 
limited, there are no well-established standards for carrying out such studies. Therefore in 
order to execute a reliable and replicable experimental study in the laboratory, the following 
criteria were developed, based on the literature review; 
 Metal coupons as pipes 
As discussed in the literature review, since most existing buried pipes are ferrous metal 
pipes, cast iron, ductile iron and steel specimens were selected for the research. Most 
experiments were performed on cast iron specimens, as according to the literature review, 
most existing buried pipes are cast iron. The experimental program consisted of 
multivariable testings in which metal coupons were used for parametric studies. There were 
several reasons for using coupons in the experiments including, but not limited to, the 
following: 
x It is easier to develop a simplified external corrosion growth prediction model.  
x Accurate predictions for whole service life can be made by assessing coupons rather 
than actual long pipelines. 
x In the field, similar coupons are buried near pipelines to evaluate the corrosion rates 
of these pipes with ease without using extensive labour and sophisticated machines 
for excavation. 
x The use of coupons in the field provides rapid assistance to the operators with 
developing strategies for future inspection, repair and maintenance resources to be 
deployed at specific times and locations.  
x The overall cost is minimised when coupons are used compared with large-scale 
pipeline testing in the field. 
71 
 
As stated in Chapter 2, the thickness of the specimens is the key factor for fracture toughness 
testing. In the present research, the thicknesses of the specimens were kept the same as those 
of the majority of existing old pipes in Melbourne, Australia. The other dimensions were 
selected based on ASTM E1820 (2013) (three-point bent) testing guidelines. The details 
about the dimensions of various types of metallic specimens i.e., cast iron, ductile and steel 
are discussed in their respective sections. 
Selection of soil and its key parameters 
Research has shown that clay is more corrosive than other types of soils to buried metal 
pipes because of its pore distribution and ability to hold corrosive ions, moisture and 
dissolved oxygen (Romanoff 1957). Therefore, the soil selected for this study was clay. To 
achieve accelerated corrosion conditions and maximum exposure of soil to oxygen, the depth 
of burial of the specimens can be kept at a minimum. It can be kept within 500-800mm, as 
most pipes are buried within this range in Melbourne (Cole and Marney 2012). However, in 
order to simplify and control conditions in the laboratory, the soil cover was taken to be 300 
mm, which is very close to 500mm depth of burial. Moreover, this is a scaled lab test in 
which 300 mm is sufficient to represent the real buried depth. In addition, the corrosive 
elements in soils, including chlorides, sulphates and nitrates, were maintained as found 
naturally in all soil tests without any manipulation and adjustment of soil ingredients. 
Prior to testing, the soil was oven-dried at 105o Celsius to remove already existing moisture 
and to kill the existing bacteria in the soil. Temperature and air humidity were kept constant 
for the duration of the test. The experiments on corrosion in soil were conducted for 1.5 
years with three successive times of testing at 180, 365 and 545 days (6, 12 and 18 months). 
The specimens tested in soil were cast iron. 
Soil density was made consistent and uniform by compacting it in layers with the same 
degree of compaction and force as possible by compactor, to avoid any variation in 
experimental results due to disturbance of the soil. In the field, due to uncontrolled 
compaction of the soil above the pipe surface and the casual removal of the soil when doing 
repairs, the disturbed soil is a mixture of surface and sub-surface soils. This heterogeneous 
soil environment may have a higher moisture content, increased aeration, and a greater 
microbial population. Therefore, to eliminate such issues that may arise due to aeration, the 
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density was kept constant in the experiments. Moreover, the particle sizes of the soil were 
kept uniform to avoid variation in the results. The following three key parameters of the soil 
contributing to external corrosion were selected for investigation: 
1. pH. In the literature, review pH was found to be one of the key factors in pipe 
corrosion. Therefore, to observe pH variation and the corresponding corrosion of 
buried pipes, three pH levels were considered in a controlled environment (2.5, 3.5 
and 5). The intention was to observe the long-term effect of varying pH, which has 
not been explored previously in the laboratory environment. The natural pH of the 
clay was found to be 8, and it was adjusted using HCl to lower its value to provide 
accelerated corrosion conditions. More details on how the pH of the soil and 
simulated soil solution was varied is explained in later sections of this chapter. 
2. Moisture content. Two levels of soil moisture content, 10 and 20%, which 
correspond to 40 % and 80 % soil saturation respectively, were examined. These two 
extreme levels of moisture content were selected on the basis of the literature review 
to observe their long-term influence on the corrosion of cast iron. 
3. Bacteria. Anerobic sulphate-reducing bacteria, Desulfovibrio Desulfuricans, used for 
the experiments, as they have been reported to cause serious corrosion of buried 
pipes, as reported in Chapter 2. The duration of testing for this experiment was one 
year due to time constraints. 
In addition to soil, simulated soil solutions were used as a corrosion media to investigate the 
correlation between corrosion of cast iron in soil and simulated soil solution with the same 
pH. For the simulated soil experiments, three types of metals i.e., cast iron, ductile and steel 
specimens, were immersed in the simulated soil solutions. The duration of testing for these 
experiments was one year due to time limitations. In addition, the hydrogen emanating from 
the corrosion reaction causing hydrogen embrittlement was investigated. Two types of 
solutions i.e., simulated soil solutions of 2.5 and 5 pH, and highly acidic solutions of 1M and 
3M solutions, were used. The duration of hydrogen embrittlement testing was 28 days for 
1M and 3M solutions, while for 2.5 and 5 pH solutions, the duration was one year. The 
details of all the experiments are presented in forthcoming sections of this chapter. Based on 
the criteria discussed above, a comprehensive experimental program was developed for the 
research, as shown in Figure 3.1. 
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Figure 3.1 Experimental program of research 
As Figure 3.1 shows, the experimental program included corrosion testing in two media, real 
soil and simulated soil solution. For the corrosion in soil experiments, only cast iron 
specimens were used and they were exposed to various factors such as varying pH, bacteria 
and varying moisture content of the soil for 1.5 years. For corrosion in simulated soil 
solutions most specimens tested were cast iron, while for mild steel two cases (2.5 and 5 pH) 
and for ductile iron only one case of 2.5 pH were used. The maximum duration of testing for 
various types of metals in simulated soil corrosion was one year, with the exception of 
testing for corrosion and the corresponding hydrogen effect, for which mild steel specimens 
in 1M and 3M were tested for a maximum of 28 days. More details of each test and 
experiment are provided in later sections of this chapter. 
3.3 CORROSION OF CAST IRON IN SOIL 
This section presents details of the corrosion experiments conducted using soil as a corrosive 
medium. It provides information regarding the cast iron specimen design, the selection of 
key variables and their measurement. It also gives details on the selection of the soil, its 
chemical and physical properties, its preparation to make it homogeneous and its corrosion 
acceleration for the corrosion tests. Further, details of the test procedure, including the 
preparation of the set-up, the control of the environmental parameters and the corrosion 
monitoring techniques applied for corrosion testing in soil are also provided. 
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3.3.1 Design of test specimens 
Most existing buried water pipes in various parts of the world are made of cast iron (Rajani 
2000; Mahmoodian and Li 2016). The test specimens used in this experimental study were 
made of cast iron pipes representing the same composition and wall thickness as old 
exhumed cast iron pipes in Melbourne. The material composition of the cast iron specimens 
used for the investigations are shown in Table 3.1.  
Table 3.1 Chemical composition of the cast iron specimens (in %) 
C Mn Si S P Ni Cr 
 
Mo 
 
Cu 
 
Ti 
 
Al 
 
Mg 
 
3.58 0.74 2.48 0.06 0.067 0.01 0.01 <0.01 0.02 0.18 <0.01 <0.01 
 
Cast iron and other types of metal used in the current research were manufactured at the 
local company in Australia. These metals were manufactured in the form of metal square 
sheets of 0.5x0.5m and then cut into required sizes and then further polished to obtain the 
desired dimensions. The dimensions and shapes of the cast iron specimens used in this 
research were the same as those for three-point bent fracture toughness specimens suggested 
by ASTM E1820 (2013), the standard test method for the measurement of plane-strain 
fracture toughness. Initially, specimens were designed without centre notches to simulate the 
exterior surface of buried pipes. However, after exposure in corrosive environments, notches 
were made in the corroded specimens for fracture toughness testing at designated times. 
Further details about the notches, their preparation and shape, and fracture toughness testing 
are provided in the relevant section.  
Using ASTM E 1820 (2013) and keeping the thickness at 10 mm, the selected dimensions of 
the cast iron specimens (polished) were 100mm x 20mm x 10mm, and the intention was to 
conduct fracture toughness testing at three time intervals i.e., 6, 12 and 18 months. A 
schematic representation of a specimen is shown in Figure 3.2. Since the objective of the 
current research was to investigate external corrosion, all except one side of the specimens 
were coated in a corrosion-protection epoxy called Rust guard. After the coating of five 
surfaces, the surfaces were wrapped with acid-resistant plastic to prevent the failure of the 
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coating in acidic soil. It should be noted that prior to coating and wrapping with tape, the 
initial mass (weights) of each specimen was recorded. Moreover, to develop statistical 
models, three replica specimens were used in the test plan for each time interval corrosion 
measurement (mass loss and corrosion rates) and fracture toughness testing.  
 
 
 
Figure 3.2 Schematic of test specimen 
Test variables 
Many factors affect the external corrosion of buried metal pipes, including soil type, particle 
sizes, resistivity, presence of bacteria, aeration, acidity, and saturation. Following the 
literature review, of these several factors, acidity and saturation were found to be the key 
factors stimulating the external corrosion of buried pipes. In the current research, the long-
term coupled effects of three different acidities of soil as measured by pH (i.e., 2.5, 3.5 and 
5), and two levels of soil saturation, (i.e., 40 and 80 %), as measured by moisture contents of 
10 and 20 %, were investigated. For the 40 % saturated soil, only two pH rates i.e., 2.5 and 5 
pH were selected for comparison with highly saturated soil. Therefore, the experimental 
program comprised 5 test batches, as the comparison (high and low saturated) could be 
achieved by the two extreme values of pH more conveniently and reasonably. These 
variables were selected based on the literature and research experience of the author to 
produce measurable corrosion within designated time-frames (Mohebbi and Li 2011).  Care 
was taken to minimize the variation in aeration by keeping the soil void ratio constant, (i.e., 
by controlling the uniform density of soil (1.6 g/cm3)  for the entire depth of burial of the 
specimens.  
Moreover, the temperature of the soil can affect the corrosion rates of buried pipes. Nie et al. 
(2009) conducted an experiment on a saline soil to find the effect of temperature on carbon 
steel, and found that when the temperature was elevated to 50oC in the system, high 
corrosion rates were obtained (Nie et al. 2009). Therefore, to avoid variation due to 
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temperature, the ambient temperature was kept uniform throughout the test. Humidity can 
also be a source of another variation. Therefore, it was also kept constant along with 
temperature for all the test containers, using an environmental chamber specially built to 
carry out the research. The environmental chamber was set at a constant ambient 
temperature of 23oC and a humidity of 50% throughout the tests. A photograph of the 
environmental chamber is shown in Figure 3.3, in which white-coloured containers 
containing specimens can be seen. 
 
Figure 3.3 Large environmental chamber  
Measurements 
Mass loss was measured in order to quantify the long-term corrosion behaviour of cast iron 
specimens over time periods of 180, 365 and 545 days, in addition to the initial time, i.e., 
before corrosion. These time intervals were selected based on the literature review and the 
research experience of the author to ensure measurable corrosion in the time (cf. Mohebbi 
and Li 2011). For statistical studies, triplicates were made for each of the specimens with the 
designated test variables. The overall test plan is shown in Table 3.2.  
In addition to mass loss, linear polarization resistance (LPR) measurements of the specimens 
were taken to monitor corrosion for the duration of each test. The LPR is the only reliable 
method by which the corrosion rates of buried pipes can be estimated without determining 
the physical mass loss. Moreover, to investigate the extent of localized corrosion after 545 
days of corrosion, the maximum pit depth measurements and the 3-D profile were scanned 
for various specimens. Furthermore, microstructural and compositional analyses of the 
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corroded specimens were also performed to analyse the extent of corrosion under various 
soil conditions. The further details of the corrosion and microstructural measurements are 
discussed in a later sections of this chapter. 
Table 3.2 Test plan for corrosion of cast iron in soil 
 
 
Batch 
Id 
 
Acidity 
in 
pH 
Moisture 
Content 
% 
 
 
Saturation 
% 
Time interval 
(Days) 
180 365 545 
1 2.5 20 80 3 3 3 
2 3.5 20 80 3 3 3 
3 5 20 80 3 3 3 
4 2.5 10 40 3 3 3 
5 5 10 40 3 3 3 
3.3.2 Preparation of homogenous soil  
As discussed in the literature review, low pH in soil has been reported to be the key 
corrosion acceleration factor for buried ferrous pipes. For instance, pH < 4 has been reported 
as extremely corrosive for buried pipes (Schwerdtfeger 1953; Romanoff 1957; Murray and 
Moran 1989; Petersen et al. 2013; Asadi and Melchers 2017). These studies also highlighted 
that clay soil (fine-grained) is the most corrosive medium of the other types of soil typically 
available (such as granular). Therefore, clay soil (as discussed above in the subsection 
Selection of soil) was used in the current study as the other means of accelerating corrosion 
in addition to low pH.   
The clay soil used in the experiments was obtained from a landfill site in Melbourne. The 
resistivity and pH of the soil was 23.46 m and 8.17, respectively. The other chemical and 
mineral compositions are shown in Table 3. The physical properties of the soil are shown in 
Table 3.4. The soil received from the field was crushed to a uniform size by a crusher and 
then sieved based on British standard  BS 410 (2000), with an aperture size of 2.36 mm to 
avoid any variation in corrosion results due to different particle sizes and consequent 
variation in aeration. This process resulted in the formation of uniform soil. 
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Table 3.3 Chemical composition of soil (in mg/kg) 
Cl 
 
(SO4)  
 
( NO3)  
 
Organic 
matter  
K 
 
Ca 
 
Mg 
 
 Na 
 
2.48 50 23.05 0.26 39.1 333 197 119 
Table 3.4 Physical properties of soil 
Soil 
classificatio
n 
Max. dry 
density of 
the soil 
Optimum 
moisture 
content 
Specific 
gravity 
Void 
ratio 
Plastic 
limit 
Liqui
d 
limit 
Plasticity 
index 
Plastic clay  1900kg/m3 14.4 % 2.66 0.66 20.391 29.1 8.708 
 
The soil received from the field was alkaline with a pH of 8.17, and for the purpose of 
corrosion acceleration, its pH was adjusted using hydrochloric acid (HCl) to achieve target 
pHs of 3.5, 2.5 and 5. To meet the target pHs, several trials were conducted using a small 
quantity of soil and a varying quantity of acid (Figure 3.4). The details about how corrosion 
acceleration of soil was carried out, is described in the following subsection. 
 
Figure 3.4 Small-scale testing for soil’s pH adjustment 
Corrosion acceleration process 
The pH of the soil was adjusted for corrosion acceleration using hydrochloric acid (HCl) to 
achieve target pHs of 2.5, 3.5 and 5. Based on small-scale trials, 187 g of diluted (4%) HCl 
was added with water to 10 kg of soil to achieve a target pH of 3.5. Similarly, 150g and 300g 
of the same concentration of acid were mixed with water to achieve pHs of 2.5 and 5, 
respectively. The 80 % saturation of soil was maintained including both acid and water for 
target pHs of 2.5, 3.5 and 5, respectively. Moreover, to avoid moisture loss and ensure 
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uniform saturation of acid in the pores, the soils were kept in plastic bags for 2 days. 
Similarly, soils with 40% saturation and pH levels of 2.5 and 5 were prepared to observe the 
variation of results due to low moisture contents. The steps in soil preparation for the 
stimulation of corrosion in soils are shown in Figure 3.5. 
 
Figure 3.5 Preparation of soils of varying pH 
As corrosion is a slow process, it takes a long time to be observable. Therefore, to obtain 
variations of corrosion and the effects on the mechanical properties of metals over time, 
three time intervals were selected (180, 365 and 547 days). These times were selected based 
on the literature review to ensure measurable corrosion occurred and to observe the variation 
of fracture toughness of test specimens with time (c.f.., Hou et al. 2016, Mohebbi and Li 
2011). For the statistical studies, in order to achieve consistency and reliable data, three 
replicates were made for each time interval testing, with the designated test variables stated 
in Table 3.3. The total number of test specimens used for external corrosion simulations was 
45.  
3.3.3 Test procedure 
This section gives details of the test procedure, including how the test set-up was developed 
and the monitoring of the environmental parameters by means of pH, moisture and 
temperature sensors was performed.   
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Test setup 
Plastic containers of 300x600x400mmn dimensions and non-reactive to acidic chemicals 
were used, and the soil with specimens buried in them. The soil was prepared in the 
containers following uniform compaction to maintain a uniform density throughout the 
container as discussed earlier. To simulate the real underground environment, first a 100mm 
bedding layer of soil was laid in the container at the target dry density (1.6g/cm3). This was 
intended to represent most of the field soil conditions reported (Petersen et al., 2013). Next 
the specimens, which were coated on all sides except the top surface, were placed on the 
bedding layer. This was intended to simulate the real corrosive environment for the external 
pipe wall of the buried pipes. Having placed the specimen on the bedding, the container was 
filled with soil in layers. Each layer was filled with a weighed quantity of soil with uniform 
compaction to maintain the homogeneity of the soil and achieve uniform density in each 
layer to avoid variation in aeration in the soil’s pores. The test containers were divided using 
three appropriately-spaced partitions to minimize disturbance to the soil and specimens 
while removing the specimens for inspection, measurement, and testing at the designated 
time. The initial conditions of the tests are given in Table 3.5.  
Table 3.5 Initial conditions of corrosion in soil test  
Ambient 
humidity Ambient temperature 
Initial dry density of  
soil 
43% 23 Celsius 1600kg/m3 
Monitoring of environmental parameters 
 The temperature sensors were embedded at a depth of 300mm to observe the variation of 
soil temperature near the specimens. The laboratory temperature was also observed on a 
daily basis for the entire duration of the experiment, although it was set to be constant in the 
environmental chamber. The primary purpose of monitoring was to avoid any fluctuation in 
corrosion measurements due to temperature variation. Theoretically, corrosion is a 
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thermodynamic process and the kinetics of the corrosion reaction increase with a rise in 
temperature (Shreie et al., 1994).    
pH sensors were embedded just above the depth of burial of the specimens to monitor and 
control the variation of the soil’s pH.  Two pH sensors were embedded in two of the three 
partitions of each test container, one in the middle and the other in the corner partition, to 
accurately measure the variation of pH throughout the test program. These sensors were 
connected to a data logger which was set for the automatic retrieval of pH data with time.  
Soil moisture sensors were also embedded into each of the test set-ups to observe the 
moisture loss at the depth of burial. The test assembly comprised data loggers connected to a 
computer to monitor the temperature, pH and moisture content of the soil. All the tests were 
prepared in the environmental chamber (Figure 3.6(a)). A schematic representation of one of 
the test set-ups with all sensors is shown in Figure 3.6(b). To control the moisture content of 
each of the test containers, the calculated quantities of water were added weekly for the 
duration of the test to maintain moisture content of 10 and 20% respectively. These 
quantities were obtained after several weeks of experience of water addition and checking 
the moisture contents of 10 and 20% of various test containers by means of data logger.  
 
(a) Test set-ups preparation  
82 
 
 
 (b) Schematic of test set-up 
Figure 3.6 Test set-up preparation 
3.3.4 Corrosion measurements 
This section explains the corrosion measurements that were carried out. The measurements 
included corrosion monitoring, i.e., icorr, and physical measurements of mass loss and 
maximum pit depth. The procedures for taking these measurements are discussed in this 
section.  
Corrosion current (icorr) 
In order to estimate the progress of corrosion during the experiment without disturbing the 
soil, LPR measurement was performed for two specimens. The LPR monitoring of the tests 
was carried out using an ACM field instrument. The LPR technique is a reliable corrosion 
monitoring method by which the progress of corrosion is monitored directly. Although this 
technique is dependent on electrolytically-conducting substances, it is commonly used for 
corrosion monitoring, especially for the external corrosion assessment of buried ferrous 
metal pipelines (NACE 2010). Therefore, LPR measurements were used for the estimation 
of the corrosion progress of buried specimens in this research. The LPR measurements in the 
laboratory were performed as described in NACE (2010). 
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The working principle of LPR measurements is that the coupon potential scans between –30 
mV and +30 mV, using the copper sulphate reference electrode (CSE) of the free-corrosion 
potential at a scan rate of 0.17 mV/s (NACE 2010). The tangent to the potential current plot 
at the free-corrosion potential is the polarization resistance. Using Stern-Geary equation, the 
resistance values are then converted to corrosion currents following the equation Rp = ȕ/icorr , 
where icorr is the corrosion current density in A/cm2, ȕ is the Stern-Geary constant and Rp is 
the polarization resistance. Using this principle, LPR measurements were taken to monitor 
the corrosion of the cast iron specimens in soil. The schematic of the LPR measurement 
procedure applied in the current research is shown in Figure 3.7. All three electrodes, i.e., 
reference, auxiliary and working, were connected to the LPR instrument to measure the 
corrosion current. Moreover, IR drop was set automatic to account for medium resistance 
and silver was used as auxiliary electrode. 
 
Figure 3.7 Set-up for LPR measurement 
Mass loss measurements 
At the end of each designated time period, the specimens were removed from the soil and the 
chemically cleaned using Clark’s solution in accordance with ASTM G1-03 (2014). The 
Clark’s solution was prepared using 20 g antimony trioxide (Sb2O3), 50 g stannous chloride 
(SnCl2) and 1000 mL hydrochloric acid (HCl, specific gravity 1.19) stirred at 23°C for 15 
minutes. Specimens were immersed in Clark’s solution for 1 min and then removed from the 
solution for corrosion product removal by brushing. Soon after corrosion product removal, 
Soil 
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the specimens were dried and then weighed to determine the reduction in mass. Mass loss (in 
grams) was calculated as the reduction in mass of each specimen after immersion (Eq. 3.1).  
                                                   Mass loss = M1-M2                                                                                         (3.1) 
where, M1 is the initial mass of the specimen and M2 is the mass after rust removal. 
After the mass loss measurements, the corrosion rates were determined using ASTM G1-03 
(2014). Measuring the corrosion rate depends on various factors, and it is calculated using 
Faraday’s Law as follows:  
                       Corrosion Rate (mm/year) =  כ Ȁሺ כ  כ ሻ                                         (3.2) 
where, K= a constant=8.76 x104, W= mass loss in grams, T= exposure time in hours, 
D=density in g/cm3 of material, and A= area in cm2. 
Maximum pit measurement 
The maximum pit depth of the specimens after 545 days of corrosion was measured using a 
3D profilometer. The profilometer can measure from 1 nano-meter to 10 mm variation in the 
surface of materials (ContourGT-K from Bruker Corporation). A 3D profilometer is very 
useful for measuring pit depth accurately, especially when experiments related to corrosion 
of metals are conducted for short-term durations. Moreover, the surface topography can be 
created with the aid of this instrument. A photograph of the ContourGT-K 3-D profilometer 
used in the research is shown below (Figure 3.8). 
 
Figure 3.8 ContourGT-K 3D profilometer 
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To perform 3D analysis using a profilometer, a common reference (un-corroded surface) for 
all the specimens is selected for scanning. Next, after focusing, a quick measurement of 
depth is obtained by the instrument. The lens magnification of 20 was selected for imaging 
depth to obtain clear profiles of the selected surface areas of the specimens. Using an 
advanced profiling technique (stitching), areas of different sizes, (i.e., of 5x5, 3x3, 2x2, 
1.5x1.5 mm, etc.), were scanned.  
3.3.5 Microbiologically induced corrosion (MIC) of cast iron  
This section explains the methodology adopted for finding the effect of sulphate- reducing 
bacteria (SRB) on the corrosion of cast iron specimens. It outlines the preparation of 
specimens and the bacterial culture and describes the preparation of the  set-up. Moreover, 
the measurements undertaken to find the influence of the bacteria on the corrosion of cast 
iron specimens are presented and discussed. The measurements included mass loss, 
corrosion max pit depth and fracture toughness. 
Specimen preparation 
Cast iron coupons with the same composition and dimensions (100mm x 20mm x 10 mm) as 
those used in the other experiments were prepared. For microbiologically induced corrosion, 
the bacterial attachment to the surface is necessary; therefore, special care is normally taken 
during the polishing of the specimens to observe the bacterial colonies. However in the 
present research, less care was taken. The main intention of the MIC work in the current 
research was to make a comparison with various other corrosion-causing factors, such as the 
pH and the moisture content of the soil. Moreover, in natural environments or in field 
practice, the pipe surfaces are not finely polished. Therefore, to replicate field conditions, the 
very fine polishing adopted by other researchers (c.f. Javed et al. 2016) was not carried out. 
The polished coupons were ultrasonically cleaned with acetone for 10–15 min., rinsed with 
distilled water and ethanol, and then dried under warm air in the specimen preparation 
laboratory. The coupons’ initial weights were then recorded for mass loss measurement to be 
done later after corrosion exposure. After the initial weighing, the coupons were coated with 
epoxy and then wrapped with plastic tape with the exception of one surface to simulate 
external corrosion. Prior to testing, the coupons were ultrasonically cleaned with acetone 
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followed by sterilization via immersion in absolute ethanol (100 %) and then aseptically 
dried in a level 2 physical containment (PC2) cabinet. 
Preparation of test media and bacterial culture 
Bacterial attachment and subsequent corrosion tests were conducted in American Type 
Culture Collection ATCC 1249 Modified Baar’s (MB) medium. The three components of 
the ATCC 1249 MB medium are shown in Table 3.6. The pH of each component was 
adjusted to 7.5 ± 0.1 using a 3.5 M KOH solution, and sterilized by autoclaving at 121oC and 
103 kPa for 20 min. The anaerobic bacteria used for corrosion were sulfate-reducing 
bacterium (SRB) Desulfovibrio desulfuricans (D. desulfuricans) ATCC 27774, obtained 
from the  (ATCC), USA. For each experiment, bacteria were taken from uniform stock 
stored in 15% glycerol at 80oC. Anaerobic conditions were maintained by following 
previous research (Javed et al., 2015) in which the researchers used compact W-Zip seal 
pouches (AG0060C, Oxoid) with AnaeroGen sachets (AN0025A, Oxoid) and the anaerobic 
redox indicator resazurin was used for verification (BR0055B, Oxoid). Incubation of 
cultures was done at 37oC on a rotary shaker at 110 rpm for four days. Following previous 
research (Javed et al., 2015), the inoculation medium was prepared by introducing a 1 ml 
aliquot of the four day old D. desulfuricans into 500 mL of fresh medium and incubated 
anaerobically for three days at 21oC within a level 2 PC2. The number of bacterial cells was 
determined generally by using a haemocytometer under a light microscope at certain 
magnification. The bacteria under consideration were cultured and their growth was found 
after three days to be equivalent to 2.14 x 107 per ml by other researchers under similar 
conditions (Javed et al., 2015).  
Table 3.6 ATCC 1249 Modified Baar’s (MB) medium 
Components 1 Quantity 
MgSO4.7H2O 4.1 g 
NH4Cl 1.0 g 
CaSO4.2H2O 1.26 g 
Tri-sodium Citrate 5.0 g 
De-ionized water  400 ml 
 
Components 2 Quantity 
K2HPO4 0.5 g 
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De-ionized water 200 ml 
 
Components 3 Quantity 
Sodium lactate 5.67 g 
Yeast 1 g 
De-ionized water 400 ml 
Set-up for MIC 
The experiments were performed in graduated plastic containers with lids to prevent oxygen 
diffusion into the container. The test containers were also autoclaved before setting up the 
experiments. Two test containers were used, and six coupons were aseptically introduced 
into each container.  To one test container containing coupons half a litre of bacterial 
inoculum was added, and to the second container containing coupons, autoclaved soil was 
added up to the 500 ml mark of the container and then 20 % bacterial inoculum by weight of 
the soil in the container was introduced. Figure 3.9 shows the test containers placed in the 
incubation chamber. 
 
 
 
 
 
 
 
Figure 3.9 Test containers in the incubation chamber 
Bacterial attachment 
The bulk pH of the test media used was measured before and after each immersion test. 
Initially, after 30 days of observation, the specimens were removed from the test containers 
Test containers 
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to image the bacterial attachment. Samples were then air-dried in the PC2 cabinet at room 
temperature, and 100 % ethanol was sprayed on the specimens to avoid contamination by 
other substances from the bacteria. To observe the bacterial attachment, the use of 
glutaraldehyde is recommended (Javed. et al 2017). However, in the present research, the 
bacterial attachment was observed without using glutaraldehyde. For imaging, a scanning 
electron microscopy (SEM) technique was used to image the bacterial cells attached to the 
specimen surfaces.  
Measurement 
The corrosion rate of the cleaned specimens was determined according to ASTM standard 
G1-03 (2014) from the mass loss using a high accuracy mass balance (Mettler Toledo 
MS205DU, readability 0.01 mg), and Eqs. 3.1, and 3.2. For specimens which had localized 
attacks, the pit morphology, distribution, and maximum pit depth of surface area were 
measured using a 3D optical profilometer. The entire coupon surface was first visually 
observed to gain an overview of the surface features and the areas with the deepest pits were 
then scanned and measured. Maximum pit depth was measured and compared with the 
specimens in culture media containing bacteria. 
The composition of the biofilm formed on the specimens in soil and solution were also 
measured for the comparison of changes in them using XRF (details are mentioned in the 
later section). Furthermore, fracture toughness testing was performed after 180 and 365 days 
of corrosion, as with the other tests. The procedure for fracture toughness testing is described 
in a later section of this chapter. 
3.4 CORROSION OF METAL PIPES IN SIMULATED SOIL 
SOLUTION 
This section presents details of the experimental studies carried out to investigate the 
corrosion of buried pipes in simulated soil solutions. Previously, researchers have conducted 
corrosion studies of buried pipes using simulated soil solution as a corrosive medium and 
have not actually used real soil to avoid the heterogeneity of soil structures (Liu et al. 2008; 
Liu et al. 2009; Wu et al. 2010; Mohebbi and Li 2011; Sena et al. 2012; Hou et al., 2016). 
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Although considerable research on corrosion of pipes in soils and in simulated soil solutions 
has been conducted, to date no research has been found in open references on the correlation 
between corrosion in soil and simulated soil solution. One purpose of the present research 
was to correlate corrosion in soil with corrosion in simulated soil solution. This will assist 
the  development of corrosion models and the prediction of the remaining service life of 
buried pipes more conveniently, as, in the case of real soil it is difficult to build corrosion 
models because of soil’s complex structure and properties.  
The details of the test procedure for simulated soil solutions and pH adjustment are 
discussed in this section. Three metals, i.e., cast iron, steel and ductile iron, were used for 
testing corrosion in simulated soil solutions. Most of the tests were performed on cast iron 
and selected tests on steel and ductile iron, as the main purpose was a comparison of these 
metals. For cast iron specimens, similar measurements (such as corrosion rates, fracture 
toughness and compositional analysis) as those for the corrosion in soil experiments were 
performed for the purpose of correlation. However, for the steel and ductile specimens, 
selected measurements were performed due to limited time and resources.  
3.4.1 Cast iron in simulated soil solution  
Design of specimens 
 Similar to the corrosion in soil experiments, polished cast iron specimens 100 x 20 x 10 mm 
were used for the simulated soil solution experiments. The composition and selected 
dimensions were exactly the same as those of the cast iron specimens buried in soils. First, 
the aim was to observe and compare the corrosion behaviour between the soil and the 
solution, and this was the prime objective of the experiment. Secondly, since these 
dimensions fulfilled the requirements of fracture toughness testing, comparisons could be 
made between two corrosive media. The initial mass of each of the specimens was measured 
in grams for mass loss measurements and the value was written on the top surface to prevent 
any errors before immersion. Next, specimens were coated with rust guard, with the  except 
ion of one surface to simulate external corrosion. The coated sides were wrapped with plastic 
tape, as shown in Figure 3.10. Some traces of coating were left on the exposed surface of the 
specimens (Figure 3.10(b)) which were removed using acetone prior to their immersion in 
the simulated soil solution.  
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a) White acid-resistant coating       b) Wrapped in plastic tape after coating 
Figure 3.10 Coating procedures of specimens  
Test variables 
On the basis of previous research on simulated soil solutions and in order to develop a 
correlation between corrosion in simulated soil and soil, three pHs i.e., 2.5, 3.5 and 5 were 
selected (similar to the soil experiments) and kept uniform throughout the test. Moreover, 
the temperature and humidity of the surrounding environment were controlled to avoid 
variation in corrosion due to these two factors.  
Measurement  
Mass-loss measurements were performed after 180 and 365 days of corrosion respectively in 
addition to the initial time, i.e., before corrosion. These time intervals were similar to the 
corrosion in soil experiments, except that for the corrosion in soil experiments the duration 
was extended to 545 days, as the main focus of the research was corrosion in soil. Moreover, 
corrosion of cast iron in simulated soil solution has not been explored for 365 days by other 
researchers, the maximum corrosion observation in simulated soil solution being 270 days 
(Hou et al. 2016). Therefore, the selection of one year for the corrosion in solution test was 
justifiable in terms of the desired research outputs. Moreover, as for the soil corrosion tests, 
three duplicate specimens from each batch were tested at the designated time periods.  
In addition to mass loss, the influence of corrosion on the fracture toughness of cast iron in 
simulated soil was evaluated. After rust cleaning and mass loss measurement at designated 
times, the specimens were tested for fracture toughness following exactly the same 
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procedure as that adopted for corrosion in soil testing. Furthermore, the influence of 
corrosion on the compositional analysis of the corroded specimens was determined. The 
overall test plan for corrosion of cast iron in soil solution is shown in Table 3.7.  
Table 3.7 Test plan for corrosion of cast iron in simulated soil solution  
 
 
Batch 
ID 
 
Acidity 
in 
pH 
Time interval 
(Days) 
180 365 
1 2.5 3 3 
2 3.5 3 3 
3 5 3 3 
Preparation of soil solution 
Due to the heterogeneity of soil structure, considerable research has been conducted in the 
past on the external corrosion behaviour of pipes using simulated soil solutions, as 
mentioned earlier. These simulated soil solutions were developed by extracting solutions or 
taking key elements from real soils. Similarly, using the chemical properties of the key 
components of soil and following previous research conducted using simulated soil (Cheng 
and Frank 2017; Hou et al. 2016; Wu et al. 2010; Liu et al. 2009), a simulated soil solution 
was developed for the present research. The composition of the developed simulated soil 
solution used in this study is shown in Table 3.8. The quantity of each compound shown in 
the Table 3.6 is in grams per litre of soil solution. 
Table 3.8 Chemical composition of simulated soil solution (in g/l) 
NaHCO3 MgSO4 7H2O CaCl2 2H2O KCl  NaNO3 
0.695 0.109 1.476 0.389 0.505 
Using the quantity of compounds shown in Table 3.6, two batches of three litres of soil 
solution were prepared by adding the quantities of each of the five compounds accordingly. 
To make each batch of three litres of soil solution, all the quantities were mixed in distilled 
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water at room temperature in a three litre bottle and mixed thoroughly using a magnetic 
stirrer. The pH of the resulting solution was found to be 7.5-8. 
Test set-up 
Plastic containers compatible with acid attack were used to conduct the corrosion immersion 
tests. As the target pHs of the solutions were 2.5, 3.5 and 5 similar to the tests in soil, three 
batches of tests were prepared at laboratory temperature, which was set at 23 Celsius and the 
humidity was controlled to 50 %. The first batch prepared was a 2.5 pH solution. Since the 
pH of the developed simulated solution was approximately 8, hydrochloric acid (HCl) was 
added to the solution to reduce it. 12 ml of diluted acid (450 ml of water and 50 ml of 32% 
HCl) was added to the 1800 ml of simulated soil solution to achieve 2.5 pH.  Similarly, 10 
ml of diluted acid (prepared for the 2.5 pH solution) was added to 1800 ml of soil solution to 
achieve 3.2 pH. To achieve 5 pH; 6 ml of the same diluted acid was used in 1800 ml of 
normal soil solution. 
For each of the three batches, the plastic container was labelled. The location and mass of 
each specimen was marked on the outside of the container to avoid errors in mass loss 
measurements upon removal of specimens at the designated times. Prior to the immersion of 
specimens in the soil solution, the initial weight written on each of the specimen’s surface 
was removed. Then, each specimen was placed one by one at the marked location at which 
its initial weight was written. After placing the specimens in each batch, their respective 
acidic soil solution was poured into the containers until they were completely immersed in 
the solution. The weights of each of the batch containers along with the specimens and the 
solution in it was recorded to track water loss due to evaporation. Next, to control the 
uniform immersion of specimens in the three batches equal amounts of evaporated quantity 
of solution were added to the batch containers. Hence, for the duration of the tests, the 
internal environment (test containers) and the external ambient environment were rigorously 
controlled to ensure reliable and replicable results. After pouring the solution of the 
respective pH into each container, the top of the plastic container of each batch was covered 
with plastic sheet with uniformly distributed holes in it to allow oxygen to diffuse into the 
soil solution. Figure 3.11 shows the three batches of simulated soil tests with plastic sheet on 
the top of the containers.  
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Figure 3.11 Batches of cast iron specimens in simulated soil solution  
3.4.2 Mild steel and ductile specimens in simulated soil solution 
In addition to cast iron specimens, mild steel specimens were also used for corrosion 
experiments in simulated soil solutions. The purpose was to observe the corrosion behaviour 
of these two materials in corrosive media. There is a difference of opinion among 
researchers about the corrosion behaviour of various ferrous pipes (Mathew 2014). 
Therefore, selected experiments on corrosion of mild steel and ductile iron were conducted 
in the soil solution. Since, the solution does not have a complex structure like real soil, the 
identification of the causes of corrosion should be much simpler in a solution. This section 
presents the details of the tests conducted using mild steel and ductile iron specimens in 
simulated soil solutions. The selection of key variables, details of their measurement, their 
fracture toughness and how the related micro-structural techniques are applied on mild steel 
and ductile iron specimens are outlined in this section. 
Design of test specimens 
Mild steel and ductile specimens of known compositions as shown in Tables 3.9 and 3.10 
were used. The dimensions of the mild steel and ductile iron specimens were 54mm x 12mm 
x 6mm, selected on the basis of the thickness of steel pipes and ductile iron commercially 
available in Melbourne. It was found that the wall thickness of most steel and ductile water 
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pipes was in the range from 3.5-5.7 mm. Therefore, for experimental consistency, the 
thickness of the steel and ductile iron specimens used in this research was 6 mm. The other 
dimensions of the mild steel and ductile iron specimens used in this research were as per 
ASTM E 1820 (2013) three-point bent specimen requirements for fracture toughness testing. 
The mild steel and ductile iron specimens were also coated with rust guard epoxy and then 
wrapped with plastic tape in a similar fashion to the cast iron specimens to simulate external 
corrosion.  
Table 3.9 Chemical composition of mild steel specimens (in %) 
 
C 
 
Si 
 
 
Mn 
 
 
P 
 
 
S 
 
 
Cr 
 
 
Ni 
 
 
Cu 
 
 
Mo 
 
 
Al 
 
 
Ti 
 
Fe   
0.22 0.55 1.70 0.04 0.03 0.25 0.5 0.4 0.35 0.1 0.04 95.8 
Table 3.10 Chemical composition of ductile specimens (in %)  
 
C 
 
 
Si 
 
 
Mn 
 
 
P 
 
 
S 
 
 
Cr 
 
 
Pb 
 
 
Cu 
 
 
Mg 
 
 
Sn 
 
 
Fe   
3.7 2.7 0.4 0.04 0.03 0.12 0.0015 0.1 0.055 0.02 92.8 
Test variables 
For the mild steel specimens two different pHs were selected: the lowest and the highest 
(i.e., 2.5 and 5 pH), respectively. Since the main focus of the current research was on cast 
iron, instead of three two pHs were selected, and for the ductile iron only the lowest 2.5 pH 
was selected. The temperature and humidity were kept uniform for the entire duration of the 
test for mild steel and ductile iron, similar to the cast iron test.  
Measurement  
Mass loss measurements were performed after 180 and 365 days of corrosion respectively, 
in addition to the initial time, i.e., before corrosion for mild steel and ductile iron specimens. 
The duration of testing for mild steel and ductile iron specimens was similar to that for the 
cast iron specimens in simulated soil solution i.e., 365 days, as no previous researcher has 
tested for that long (Hou et al. 2016). Therefore, the selection of one year for the corrosion 
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test in solution for mild steel and ductile iron was justifiable in terms of research output and 
novelty. Moreover, as with the cast iron specimens in solution, three duplicates of mild steel 
and ductile iron specimens were tested at the designated times.  
In addition to the mass loss, the influence of corrosion on the fracture toughness of mild 
steel and ductile iron in simulated soil was evaluated. After rust cleaning and mass loss 
measurements at the designated times, the specimens were tested for fracture toughness. The 
overall test plan for the corrosion of mild steel and ductile specimens in soil solution is 
shown in Table 3.11. 
Table 3.11 Test plan for corrosion of mild steel and ductile iron in simulated soil solution  
 
Materials 
 
Acidity 
in 
pH 
Time interval 
(days) 
180 365 
Ductile Iron 2.5 3 3 
Mild steel 2.5 3 3 
Mild steel 5 3 3 
Test set-up 
For the mild steel test set-up two batches of simulated soil solution were prepared, one with 
2.5 pH and the other with 5 pH. Plastic containers compatible with acid were used to carry 
the solution and specimens. The containers were also marked with the location and weights 
of the specimens to avoid errors in mass loss measurements. To make the batches of 2.5 and 
5 pH for mild steel, the same quantity of acid and solution was used as for cast iron. The 
containers along with the solution and specimens were weighed after preparation to account 
for loss of water due to evaporation and to maintain similar quantities of solution to avoid 
variation in results. The tops of the test containers were also covered with plastic sheets with 
uniformly distributed holes to allow diffusion of oxygen, as was the case for the  cast iron 
test set-up. The mild steel specimens immersed in simulated soil solution were placed in an 
environmentally- controlled laboratory where temperature and humidity were controlled. 
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For the ductile iron set-up, one test set-up with pH of 2.5 was made using simulated soil 
solution. The intention was to observe the maximum corrosion behaviour in a short time and 
compare with the corrosion in mild steel. The procedure used for the preparation of the 
ductile iron test set-up, including the solution, the specimens, labelling of the weight of the 
specimens and the plastic sheet cover, was exactly the same as that adopted for the set-ups 
for cast iron and mild steel. 
3.4.3 Corrosion and corresponding hydrogen embrittlement 
Design of specimens 
 Mild steel specimens with known composition as shown in Table 3.7 were used to study 
corrosion and its effect on released hydrogen. The specimens were made according to 
ASTM E 08 (2001) with the dimensions and shape commonly used for tensile testing. A 
schematic representation of a 6 mm thick test specimen is shown in Figure 3.12.  
 
Figure 3.12 Dimensions of test specimen (yellow colour indicates areas protected from 
corrosion) 
Test variables 
 In this research, corrosion-induced hydrogen embrittment of steel was studied using two 
types of solution. One type of solution used for the experiments was a simulated soil solution 
for underground steel structures such as pipelines buried in soils, and the other type was an 
acidic HCl solution. The reason for not using real soil for experiments was its heterogeneous 
structure, which could result in erroneous measurements. Moreover, researchers quite often 
carry out accelerated corrosion experiments in laboratories to achieve their desired 
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objectives, because corrosion is a very slow process. Therefore, in the current research, low 
pH soil solutions, i.e., 2.5 and 5 pH, and hydrochloric acid (HCl) solutions of 1M and 3M 
with very low corresponding pH (0 and -0.48) were used to examine the effect of variation 
of pH on corrosion and the hydrogen produced. The pH of the soil solution was adjusted by 
adding HCl to achieve the target pH of 2.5 and 5.  
Measurement  
The experimental plan followed in this research with different solutions, number of 
specimens and times of tests are shown in Table 3.12. 
Table 3.12 Test plan for hydrogen effect experiments 
 
Solutions 
 
 
pH 
 
No of specimens 
Tensile testing 
(days) 
7 14 28 180 365 
3 molar HCl -0.48 3 3 3 -- -- 
1 molar HCl 0 3 3 3 -- -- 
Simulated soil 2.5 3 3 3 3 3 
Simulated soil 5 3 3 3 3 3 
The test specimens were immersed in soil and HCl solution in containers for accelerated 
corrosion according to ASTM G31 (2004). For better understanding and statistical analysis 
of corrosion-induced hydrogen embrittlement, nine specimens were immersed in each of 
these four sets of solutions to obtain results at three time periods of 7, 14 and 28 days for 
three duplicates for statistical analysis for short-term testing. For long-term testing, 
simulated soil solutions of pH 2.5 and 5 were used and tensile tests were performed at 180 
and 365 days. The total number of specimens was 6 x 3 x 3 = 48. In addition to the tensile 
test specimens, 16 (3 each for 3M and 1M = 6, one each for 2.5 and 5 pH =10) more small 
steel samples 50mm x14mm x 6mm equal to the gauge length of the test specimens were 
added to the test containers to check the accuracy of hydrogen measurements. Mass loss 
measurements and microstructural analysis including grain and phase analysis and 
compositional analysis were also performed. Finally, fracture toughness testing and the 
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determination of the nano-mechanical properties of the long-term test specimens were also 
performed and the procedures are presented in this section.  
Test set-up 
Before immersion in the test solutions, the specimens’ initial weights were measured and 
they were then wrapped in chemical- and acid-resistant plastic tape, with the exception of the 
specimens’ gauge length area, as defined in ASTM E 08 (2001). The purpose of exposing 
only the gauge length area of the specimens to the corrosive solutions was to provide focus 
in the measurement of the test results, i.e., the corrosion rate, H2 released and mechanical 
properties. The wrapped specimens and containers for the experiments are shown in Figure 
3.13. The test containers containing specimens and solutions were covered with lids with 
holes to allow oxygen entry to the test specimens and to minimize chemical interaction with 
the surroundings and evaporation of solutions with time.  
The pH of the four test containers was continuously monitored and adjusted by adding small 
quantities of HCl to keep it uniform for the entire duration of the test. The specimens were 
removed from each of the test containers on the 7th, 14th, 28th, 180th and 365th day for 
hydrogen measurement, mass loss measurement, tensile testing and microstructural analysis 
for short and long term tests. 
 
Figure 3.13 Experimental set-up for hydrogen effect on mechanical properties of steel  
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Hydrogen concentration measurement 
Three hydrogen concentration measurements on each specimen at each time period were 
carried out. Hydrogen concentration on the surface of the specimens resulting from corrosion 
was measured using a Barnacle cell according to ASTM F 1113-87 (2011). More details of 
this measurement can be found in ASTM F 1113-87(2011).
The assembly for hydrogen measurement consisting of a Barnacle cell, the resistance of 10 
K and a data logger connected to a computer for recording volts at 30 minutes is shown in 
Figure 3.13. Using Ohm’s Law, the current is calculated and divided by the exposed area to 
obtain the current density or Ip. The current was measured at three points of time, i.e., 7, 14 
and 28 days respectively, for all specimens to examine the change of corrosion with time. 
The relationship between current (Ip) and the concentration of hydrogen in test specimens 
has been established by Danford (1983) as follows; 
୮ ൌ 	଴ሺୈ஠୲ሻଵȀଶ                                                                    (3.3) 
where, Ip is the current density in uA/cm2, F is the Faraday constant (96485.3C/mol), Z is 
the number of electrons involved in the reaction (one), C0 is the hydrogen concentration 
in ppm, t is the recording time (30mins as standard), and D is the diffusion coefficient 
for mild steel (2.5×10(-7) cm/s2). From Eq. (3.4), the H2 concentration (C0) can be 
determined. 
 
Figure 3.14 Set-up for hydrogen measurement  
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3.5 MICROSTRUCTURAL ANALYSIS  
This section explains the procedures for various characterization and microstructural 
techniques performed in the current research. Details of sample preparation and 
microstructural techniques such as XRD, SEM, XRF and phase analysis are also presented 
in this section.  
3.5.1 XRD and SEM analysis  
X-ray diffraction (XRD) analysis of the various specimens retrieved from corrosive soil 
environments were performed for corrosion products and phase analysis. Scanning electron 
microscopy (SEM) was also used for the morphology of the corrosion and microstructural 
analyses. For the SEM images of the corroded and uncorroded specimens, 30KV and a spot 
sizes of 3.5 were used. The images were taken at different magnifications and scan sizes 
using XL 30 SEM. FEI Nova NanoSEM was also used for imaging various cast iron, steel 
and ductile specimens. 
X-ray powder diffraction (XRD) provides information about the phase-composition of solid 
materials and is one of the most commonly used tools for finding the composition of 
corrosion products. Moreover, XRD can accurately identify the crystalline and amorphous 
phases. Although XRD is a good tool for finding corrosion products, it gives little 
information about the morphology of the corrosion products. The morphological structure of 
the corrosion products is generally obtained through SEM. Therefore, in the present 
research, both techniques were used for the assessment of the corrosion mechanism. 
XRD analysis of the rust products obtained from various metals corroded in different 
environments was conducted using a Bruker AXS D4 Endeavour system employing Cu-KĮ 
radiation operating at 40 kV and 35 mA of current and a Lynxeye linear strip detector. The 
various rust products were tested between 6° and 90°, 2-theta (2ș) with a step size of 
0.02°. Moreover, the counting time per step was 0.3 s and the divergence value was v200 
mm.
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3.5.2 Elemental composition  
The metal section is reduced after corrosion, and rust oxide layers are formed on the surface 
(Davis, 2000). The corrosion process may change the element composition of metal and may 
induce changes in its mechanical properties. X-ray flourescence (XRF) (Al-Esheikh and 
Kadachi 2011) is used to determine the composition of elements of various metal specimens 
due to corrosion. It is important to note that element variation means the change in the 
composition of the specimens due to corrosion i.e., the reduction or inclusion of corrosive 
elements in the test specimens. 
As mentioned above, XRF is a technique that is commonly used for element analysis of 
substances with applications in the fields of science and engineering. The working principle 
of XRF is that the individual atoms release X-ray photons of a characteristic energy or 
wavelength when they are excited by an external energy source. The elements present in a 
sample are identified and also quantified in XRF by counting the number of photons of each 
energy released. XRF analysis is quick and does not require special preparation of the 
specimens. A Bruker AXS S4 Pioneer XRF was used in the present research (Figure 3.15). 
After the removal of rust from their unprotected sides, the corroded cast iron, ductile and 
steel specimens were analysed using XRF for their elemental composition. First the element 
composition of the uncorroded specimens was determined and then the corroded specimens 
removed from the tests at designated times were analysed using XRF. The time of testing 
was selected to allow corrosion to cause significant and notable change in the elemental 
composition of the various specimens in their respective environments (soil and simulated 
soil solution). 
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Figure 3.15 Bruker AXS S4 Pioneer XRF  
3.5.3 Phase analysis  
Electronic back-scattered diffraction (EBSD) mapping of the various corroded specimens 
removed from their respective environments was also performed. The EBSD measurements 
were performed with FEI Nova NanoSEM and Oxford Instruments with the Aztec software 
suite. The purpose of using EBSD in this research was to quantify the phase changes due to 
the progress of corrosion with time. The results of the corroded specimens from different 
environments were compared with each other and also with un-corroded specimens to 
determine any phase changes due to corrosion over time. 
The preparation of a sample for EBSD requires a series of grinding and polishing processes, 
including fine polishing which is discussed in the following paragraphs. The phase analysis 
of the corroded specimens was determined with a special orientation of the specimen so that 
the various phases of the polished specimens could be determined. Finding the phases of the 
corroded surface was a very difficult task, which was achieved by aligning the specimen 
surfaces in a way that one edge was always corroded. Figure 3.16 shows the corroded 
surface A was aligned such that the polished surface B (which is un-corroded) always had its 
edge corroded. The samples were then hot-mounted with EBSD resin using an automatic 
machine, as shown in Figure 3.17. Figure 3.18 shows a hot-mounted EBSD sample. 
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Figure 3.16 Schematic of preparation of samples for EBSD 
 
Figure 3.17 Sample mounting machine 
 
Figure 3.18 Sample after hot mounting  
For EBSD sample preparation, a series of coarse and fine grinding and polishing processes 
were carried out. First the surface of interest was ground with SiC foil #220 using water as a 
lubricant for all the specimens. The grinding was carried out in a Struers RotoForce-4, an 
automatic machine commonly used for grinding and polishing of specimens, as shown in 
Figure 3.19. The speed of rotation and force were set at 300 rpm and 20N respectively. This 
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grinding was continued with water as a lubricant for 1 minute and 10 sec. Then, grinding 
with an MD Largo disc was performed and DiaPro Allegro/Largo 9μm as an abrasive agent 
was sprayed every 15 seconds during grinding until it was finished. The grinding was 
continued with an applied force of 30N and speed of 150rpm for almost 6 minutes. After 
grinding with an MD Largo disc, the polishing of the same sample was carried out using an 
MD-DAC disc with DiaPro Dac 3μm as an abrasive agent. The rotation speed was set at 
150rpm with a load of 25N applied on the samples during polishing, which continued for 4 
minutes and 40 sec. DiaPro Dac was sprayed every 15 secs during polishing. Similarly, fine 
polishing with an MD-Nap disc using DiaPro Nap B 1 μm as an abrasive agent at a speed of 
150rpm and with an applied load of 20N on samples for 1 minute and 10sec was carried out. 
Finally, very fine polishing using an MD Chem disc with an abrasive of OP-S, 0.04 μm was 
carried out. The fine polishing was performed by setting the force at 10 N and the speed of th 
esample holder was set at 150rpm in the opposite direction of previous grinding for 1 minute 
and 10 sec. During polishing after every 15 seconds OP-S was sprayed on the disc while it 
was revolving. After the series of grinding and polishing processes, the samples were ready 
to be used for EBSD phase analysis. 
 
Figure 3.19 Grinding and polishing machine 
Operating at 20 KV and 6 spot size, EBSD maps of the various specimens were produced. A 
binning mode of 2x2 and gain size of 1-3 was selected to obtain better Kikuchi patterns. A 
single EBSD map of a small scan area, for example 250 x 250 μm, of a specimen took 12-16 
hours for phase analysis. Series of scans at the locations of interest for various specimens 
105 
 
were carried out to find the notable differences in the phases of the specimens due to 
corrosion. 
3.6 TESTS FOR MECHANICAL PROPERTIES 
This section sets out the procedure for the variety of mechanical tests performed on the 
corroded specimens. The main mechanical test performed was the fracture toughness testing 
of cast iron, steel and ductile iron specimens. Details of how the fracture toughness testing 
was performed for these specimens are presented in this section. Tensile testing of the mild 
steel specimens was also performed. Currently steel pipes are commonly used and 
commercially available because of the durability and feasibility of the steel. Tensile 
properties are commonly used for the design of these pipes. Therefore, finding the effect of 
corrosion on the tensile properties of steel pipes was justifiable and suitable for the present 
research.  Cast iron is a brittle material and weak in tension, and previous researchers have 
investigated the effect of corrosion on its tensile properties (Hou et al. 2016). Therefore, 
tensile testing of the cast iron specimens was not performed. However, the nano-mechanical 
properties of all the different metals used in the present study were determined, in order to 
observe any change in their nano-properties due to corrosion. The procedure for the 
determination of the mechanical properties is presented below. 
3.6.1 Fracture toughness testing  
Fracture toughness testing was conducted according to ASTM E1820 (2013). This standard 
is governed by the specimen thickness to ensure plane-strain fracture toughness testing. 
According to this standard, the plane-strain condition is achieved following Eq. 3.4: 
                                                               B, a >2.5(୏ଵେ஢୷ ሻଶ                                                    (3.4) 
where, ıy is the 0.2 % offset yield strength in tension, B is the specimen thickness, and a is 
the length of the crack including notch length. The fracture toughness of metals can be 
determined by three-point bending testing,  as stated in Chapter 2. From this test the fracture 
toughness can be calculated as follows: 
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where, c is the calculated K for the test specimen at load ,  is the support span,  is the 
thickness, ܽ is the crack length and W is the width or height of the specimen (all in cm).  
For fracture toughness testing, the specimens should be pre-cracked by fatigue. Different 
forms of fatigue crack starter notches meet different dimension requirements. In the present 
study, a straight-through notch was employed for fatigue pre-cracking. For detailed 
specifications of specimen size, configuration and preparation, refer to ASTM E1820 (2013).  
A universal tension/compression testing machine from MTS Corporation was used for pre-
cracking by fatigue and ultimate fracture. For crack initiation and accurate measurement of 
its propagation, a microscope was fitted to the machine. Figure 3.20 (a) shows a typical 
three-point bent specimen used in this research with a strain gauge attached to its notch for 
the measurement of crack opening displacement. Figure 3.20 (b) shows the failed sample 
after reaching its peak load. 
 
Figure 3.20 MTS machine set-up with microscope and strain gauge for specimen fatigue pre-
cracking and final failure 
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The specimens were pre-cracked at a frequency of 8-10 Hz and a fatigue load of 1.2 KN, and 
in this way, a crack was grown from the tip of the machined notch until it extended around 
1.6 mm (lying well within the limitations) from the tip. The crack initiation and propagation 
was observed using a microscope fixed in front of the testing fixture, as shown in Figure 
3.20. After pre-cracking, the test was stopped. Specimens were then failed by applying a 
point load in the three-point bending fixture in an MTS machine at a loading rate of 0.6 
KN/min, following the requirements of ASTM E1820 (2013). The load and crack opening 
displacement (COD) were continuously recorded during the fracture toughness test. In 
addition, data on load, clip gauge displacement and stroke were automatically recorded by 
the data acquisition system and saved on a computer for post-test analysis. 
Fatigue pre-cracking  
All cast iron specimens were pre-cracked in fatigue at a force value no greater than the force 
Pf calculated in accordance with the following equation for SENB as per ASTM E 1820 
(2013). 
                             P= 0.5(Bb2ıy / S)                                                                (3.6)                       
where, B = specimen thickness (mm) = 10mm, b = original uncracked ligament: the distance 
from the original crack front to the back surface of the specimen at the start of testing       
(bo=  w-ao) (mm) = (10.3-10.4mm), and S = span = the distance between specimen supports 
in a bent specimen (mm) = (80 mm) 
Testing was conducted on a 100 KN servo-hydraulic MTS machine. Using the above 
equation (3.5),the maximum fatigue load calculated was found to be approximately 1 KN. A 
pre-cracking sinusoidal frequency of 8-10 Hz was selected as there is no marked effect of 
frequency between 1-100 Hz on KQ (ASTM E1820 2013). The number of cycles ranged 
from 2000000 to 3100000. All tests were conducted at room temperature i.e. around 20ºC. 
To explain pre-cracking in more detail, the following paragraphs explain how pre-cracking 
was performed in the present and previous research. 
Pre-cracking for fracture toughness testing is done to create a natural crack in the structure or 
material which is thin and narrow so that the machine notch does influence crack 
propagation. After pre-cracking of specimens, the fracture toughness test is conducted. 
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Electric discharge machining (EDM) is the best method of making notches (Lucon 2012), as 
it allows smooth crack propagation by fatigue. Generally, ground and polished surfaces are 
made prior to testing to observe the crack propagation. However, this was not the case in the 
present research as the surfaces were corroded, and some specimens had pits in them. The 
minimum criterion for pre-crack length is 0.05 B or 1.3 mm according to standard E 1820  
(2013). The crack length is the sum of the machined notch size and the crack created by 
fatigue (ao). The final crack length is measured from the fractured surface of the specimen 
(ap). It is measured following three steps: first the two near-surfaces are measured and 
averaged out. Then, seven other crack measurements are performed. Finally, the average of 
the seven measurements along with the first averaged crack length measurement is 
performed to obtain the final crack length. 
Several factors govern the number of cycles required to achieve the required pre-crack 
length by fatigue. These factors include the type of material, grain orientation, specimen size 
and shape, machined notch radius, stress intensity and load ratio (R=Pmin/Pmax) (Hou et al. 
2016; Avila et al. 2016; ASTM E1820 2013; Mohebbi et al. 2010; Shukla 2005). A variation 
in any of the above factors can lead to unwanted and unrepresentative results for fracture 
toughness (Meith 2002).  
It is worth noting that creating a fatigue pre-crack is a very tedious and time- consuming 
process. The availability of time for the user and a machine to operate for a long time are the 
biggest barriers or constraints to testing a number of specimens. In addition, there are  
stringent limitations on the standards, and hurdles in having timely testing done due to over-
booking of the machine further add to problems, and testing is costly which raises funding 
issues. Therefore, to overcome these issues, researchers have developed methods of 
relatively less time-consuming fatigue testing. Two steps are recommended for crack 
growth; in the first step a high load is used until 50 % of the pre-crack is grown and then the 
rest of the crack size is achieved at a steady reduced load (Avila et al. 2016). Alternatively, 
the load value can be decreased until the required pre-crack length is achieved, and the size 
of the pre-crack depends on the standard adopted for testing. The limits of applied force, 
stress intensity factor, crack sizes etc. can easily be accessed in the literature and standards 
(BS 7448 1999; Meith 2002; ASTM E 399 2013; ASTM 1820 E 2013 etc.). However, the 
pre-cracking criterion is not consistent in the various standards referred to above. Some 
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researchers have investigated the influence of factors such as varying limit load, stress 
intensity factor, ǻKmax and stress ratio during pre-cracking on the corresponding fracture 
toughness (Scibetta et al. 2002). According to their experimental findings, pre-cracking 
(achieved by various factors) has minimal effect on the fracture toughness of material. 
3.6.2 CTOD and equivalent fracture toughness 
Since mild steel and ductile iron are not brittle materials, the principles of LEFM are not 
applicable to them. Elastic-plastic fracture mechanics (EPFM) is applicable for plastic 
materials like mild steel; therefore K1C as a measure of the fracture toughness of material is 
not usually determined. In EPFM crack tip opening displacement (CTOD) is determined and 
J integral testing is performed to find the fracture toughness of plastic or non-brittle material. 
CTOD and J integral can both give a measure of fracture toughness, with J integral being the 
more accurate method. However, CTOD testing was adopted in the present research because 
of its feasibility and more importantly, because the main objective of the research was not to 
find the fracture toughness but to evaluate the effect of corrosion on the fracture toughness 
of steel, which can be done using a simpler and less complicated method such as CTOD. 
Because of the less strict limitation of the size of specimens, especially their thickness, 
CTOD was an appropriate choice for the present research. In addition, the conversion from 
CTOD to KQ is relatively easy. Moreover, by conducting CTOD more data can be generated. 
Therefore, the basic CTOD method was adopted for the present study. A description of the 
basic method is provided below along with other methods. 
CTOD is calculated using ASTM E 1820 (2013) or ASTM 1290 (1999), both of which have 
similar methods for CTOD determination; however, ASTM 1290 was more specific to the 
CTOD measurement. According to ASTM 1820 E (2013) there is a basic method for finding 
the CTOD which utilizes the following equation to determine it. 
            Ɂ ൌ ଶ כ ଵିᎆమଶ஢୷ୱ୉ ൅  כ ሺ െ ሻ כ
୚୮୪
୰୮ሺ୛ିୟ୭ሻାୟ୭ା୸
                                        (3.7) 
where, K = stress intensity coefficient, ıys = yield strength at temperature of interest (Mpa), 
ȣ = Poisson’s ratio=0.3,  Vpl = plastic component of clip guage opening displacement (mm), 
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rp = plastic rotation factor = 0.44, and z = distance of knife edge measurement point from 
front face (notched surface) on SENB specimen (mm)  
CTOD is also calculated from J-integral calculations. The J-integral is determined from a 
load and displacement curve (P versus Vg) using Eq. 3.8 below, where (Apl) is the plastic 
area and graphically it is an area under the curve as shown in Figure 3.21: 
                                       ൌ ଶ כ ଵିᎆమଶ஢୷ୱ୉ ൅
ଶ୅୮୪
௕௡௕௢
                                                                  (3.8) 
 where, B = specimen thickness (mm), and b = unbroken ligament (W-a) (mm) 
In Eq. 3.7, the first part is the elastic portion of the J-integral and the second one is the 
plastic portion of the J-integral. Further, there is a calculation of CTOD for the resistance 
curve method as described in ASTM E1820 (2013) (A1.13). 
 
Figure 3.21 Plastic component of CTOD with Apl (Saba 2004) 
Determination of KIC is suitable for brittle materials requiring thick sections according to 
standards following LEFM. However, for plastic materials the equivalent KIC values can be 
obtained from CTOD and J data by using the relations between these parameters and KC. 
These relations are derived from a critical J value for small-scale yielding and the equivalent 
KC. The relation is as follows (cited by Yan et al. 2008 and Saba 2004):  
                                             ܭܿ ൌ ୎ୡ୰୧୲כ୉ଵିᎆమ                                                                        (3.9) 
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where, KC = fracture toughness derived from Jcrit (ksi¥in), Jcrit = critical J value (ksi-in), E = 
Young’s Modulus (ksi)= E=E for plane stress, E=E/(1- ڶ2) for plane strain, and  ڶ = 
Poisson’s ratio   
An approximate relationship between the J integral and CTOD is the following: 
                                           ൌ ɐɁ                                                                                                        (3.10) 
where, Jcrit = critical J value (ksi-in), m = conversion constant, 1.4 can be used in the absence 
of more reliable data; normally its value is between 1 to 2 (Saba 2004). For plane stress 
condition m=1, įcrit = critical CTOD value (in), ıy = yield strength (ksi) 
By combining 3.10 and 3.11, the following Eq 3.11 is derived (SINTAP 1999; BS 7910-
2013) 
                                                ൌ ξሺɐɁଵିᎆమ ሻ                                                               (3.11) 
Using Eq. 3.10 the equivalent KC or KQ (this term will be used in the later chapters of this 
thesis) can be determined for plastic materials.  
3.6.3 Tensile testing  
Tensile testing was conducted according to ASTM E8 (2011). The specimens were bone-
shaped as explained earlier. The cross-head speed was set at 1.1 mm/sec for entire 
specimens. The strain gauge was attached at the gauge length (50 mm) of the specimens for 
deformation with respect to load increase. More details of the testing procedure can be found 
in ASTM E08 (2011). Yield stress, ultimate stress and failure strain were measured by 
tensile testing.  
3.6.4 Nano mechanical analysis 
Nano indentation is a valuable and effective technique for the evaluation of the specific areas 
with various mechanical properties of particles of metals. The mechanical properties at the 
crystals level can be evaluated by this technique. The working principle of nano-indentation 
is to measure the penetration depth of an indenter tip into a well-polished and flat sample 
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surface against the applied load (Stratulat A et. al. 2016). The nano-mechanical properties of 
various types of corroded ferrous metals used in the current research, such as nano hardness 
and elastic modulus were investigated using a Hysitron TI-950 TriboIndenter with a 
Berkovich diamond tip. The photo of the indenter is shown in Figure 3.22. The indentation 
testing was carried out at room temperature and thermal drift was set to be less than 0.05 
nano meter/sec. Oliver and Pharr method (Oliver and Pharr 1992) was used to interpret the 
loading-unloading curves from the nano-indentation testing for the calculation of nano 
hardness, reduced elastic modulus and Young’s modulus.  
 
Figure 3.22 Hysitron TI-950 TriboIndenter used in the current research 
Procedure for nano-testing 
The nano-indentation technique requires special preparation of the specimens before 
carrying out the test. The most important step prior to testing of specimens is the preparation 
of their surface. A highly polished surface is required for carrying out nano-analysis in order 
to obtain reliable and replicable results. The polishing procedure of the specimen is the same 
as that used for EBSD specimen preparation i.e., coarse grinding to fine grinding and then 
smooth polishing to very fine polishing, as discussed in the section on EBSD measurement 
in this chapter.  
To perform nano-indentation, a load of 4000 μN was applied linearly up to the maximum 
load in 10 s with a dwell time of 10 sec., followed by unloading in 10 sec for all types of 
specimens tested so that an accurate comparison of the changes in the mechanical properties 
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of the specimens could be made. A number of indentations were performed on various 
specimens in the form of a series of line, multiple arrays such as 3x3, 4x5, 5x5 on various 
locations of each specimen. Locations near segregated or pitted areas were selected for 
indentation to observe the influence of hydrogen on the elastic modulus of the specimens. 
The various indentations were separated by 20 μm and in some cases more to avoid any 
effect of residual stresses from neighbouring indents. The schematic of one of the nano 
testing is shown in Figure 3.23. The results of nano-indentation testing are presented in the 
next chapter of the thesis. 
 
Figure 3.23 Schematic representation of one of the corroded area of specimen where indents 
were performed 
The indentation testing was carried out at room temperature and thermal drift was set at less 
than 0.05 nano meter/sec. The Oliver and Pharr method (Oliver and Pharr 1992) was used to 
interpret the loading-unloading curves from the nano-indentation testing for the calculation 
of nano-hardness and reduced elastic modulus. The following equations were used for the 
calculation of the nano-mechanical properties. The contact depth (hc) is given by (Oliver and 
Pharr 1992): 
                                  ݄ܿ ൌ ݄݉ܽݔ െ ᖡ୔௠௔௫ୱ                                                                         (3.12) 
where, hmax is the maximum contact depth measured by the indenter tip, ܭ is the material 
constant (0.75) depending upon the geometry of the Berkovich indenter tip peak, Pmax is the 
Pit 
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maximum applied load, and S is the slope of the unloading curve at the maximum point 
before the start of unloading. 
The projected contact area (A) under the maximum indentation load is given by: 
                                          ൌ ʹͶǤ ͷଶ                                                                          (3.13) 
The nano-hardness (H) of the composite can be calculated by: 
                                                     ൌ ୔୫ୟ୶஺                                                                        (3.14) 
The relationship between the elastic modulus, indenter’s contact area and stiffness of the 
unloading curve is given by: 
                                                            ܧݎ ൌ ௦ξగଶξ஺
(3.15)
where, Er is the reduced modulus. 
The elastic modulus (E) is calculated by: 
                                                     ଵா௥
ൌ ଵି஬మா െ
ଵି஬௜
ா௜
(3.16)
where, ߴ and E are the Poisson’s ratio and elastic modulus of the sintered composite, which 
can be measured by the rule of mixture, and ߴ݅ and Ei are the Poisson’s ratio and elastic 
modulus of the indenter tip. For the diamond Berkovich indenter tip used in this study, ߴ݅ 
and Ei are 0.07 and 1141 GPa (Oliver and Pharr 1992), respectively. 
3.7 SUMMARY 
This chapter has presented the methodology and procedure adopted for carrying out 
experiments related to external corrosion of pipes in soils and simulated soil solutions. The 
details of the variety of measurements undertaken to achieve the objectives of the current 
research are presented in this chapter. The discussion of the measurements included the 
corrosion rates by LPR and mass loss, corrosion depth measurement, hydrogen 
concentration, and the microstructural techniques executed during the course of research. 
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The preparation of samples for the SEM, EBSD, XRD and XRF is deeply discussed in this 
chapter. Moreover, the methodology and procedure applied to find the influence of corrosion 
on the fracture toughness and the nano-mechanical properties i.e., elastic modulus and 
hardness of various cast iron, ductile and steel specimens is also comprehensively presented. 
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CHAPTER 4 CORROSION OF CAST IRON IN SOIL  
4.1 INTRODUCTION 
This chapter reports the results and analysis of the experiments conducted on the corrosion 
of cast iron in soil, as discussed in Chapter 3. It includes the long-term results and analysis 
of the progress of corrosion in terms of corrosion rates, corrosion products, and pit depth 
analysis of cast iron specimens in real soils. The coupled effects of varying acidity and 
saturation of the soil on the corrosion of cast iron specimens are discussed. The effects of 
three acidity and two saturation levels of soil on the corrosion of cast iron are analysed with 
reference to previous research. The results are analysed in terms of corrosion rates obtained 
by LPR and by mass loss measurement at the designated times. In addition, the maximum pit 
depth measurements taken after 545 days of corrosion are presented in this chapter to 
explain the severity of corrosion under different soil conditions. Moreover, the analysis of 
the long-term control of the environmental parameters undertaken for the tests on cast iron in 
corrosive soils of varying acidities and saturation levels is presented. Furthermore, 
microstructural evaluation of corroded specimens in various soil environments conducted at 
designated times to observe the compositional changes in the specimens with time is 
presented. Finally, a phase analysis of corroded specimens after 545 days of corrosion is also 
presented in order to evaluate the phase changes and transformations due to various 
accelerated corrosive soil environments. 
This chapter presents the results of a parametric study carried out on the external corrosion 
of cast iron in various soil conditions and their impact on the microstructure of the 
specimens. A parametric study is useful for engineers and analysts from the practical 
perspective, as research models are developed based on such research, which may lead to the 
accurate prediction of failure. In addition, the development of remedies or preventive 
methods for failures may emerge as the consequence of published results. Such experimental 
studies not only help in the development of standards and procedures to carry out further 
research in future, but also facilitate the development of repair and maintenance strategies 
for owners and asset managers. 
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4.2 CONTROL OF ENVIRONMENTAL PARAMETERS 
This section presents the results of the environmental monitoring of the corrosion of cast 
iron under various soil conditions for 545 days. Sensors were embedded at the burial depth 
of the test containers, simulating the underground corrosion of pipes. These test containers 
were kept in an environmental chamber to maintain the uniform temperature and humidity of 
the test containers throughout the designated test duration. The embedded sensors were 
temperature, moisture and pH sensors and they were connected to a data logger for data 
storage during the test period. The stored data were retrieved from the data logger 
frequently. The monitoring data on temperature, moisture and pH control are presented 
below. 
4.2.1 Temperature monitoring 
 The temperature of the test containers at the depth of burial of specimens was continuously 
monitored in order to investigate the temperature variation. The temperature of the 
laboratory was also observed on a daily basis for the entire experimental duration although it 
was constant in the environmental chamber where the test set-up was placed. The primary 
purpose of monitoring was to avoid any fluctuation in corrosion measurements due to 
temperature variation, as corrosion is a thermodynamic process and the kinetics of corrosion 
reactions increase with the rise in temperature (Shreie et al. 1994).  The temperature at the 
burial depth of the specimens and the ambient environment of one of the test containers on 
randomly-selected days during the test duration are shown in Figure 4.1. Since the 
temperature was kept constant throughout the test period for all test containers, the 
observation of one test container was representative of the others. Therefore, the temperature 
monitoring of one of the test containers is shown in Figure 4.1. 
The temperature monitoring indicated that the temperature at the burial depth of the test 
containers and the ambient environment remained quite uniform throughout testing. The 
temperature at the burial depth of the test containers stayed at 21 to nearly 22o (21.83) 
Celsius throughout the test period, and the ambient temperature remained at slightly above 
22o (22.484) Celsius. The research suggests that the temperature of 21-22 Celsius does not 
specifically influence the corrosion of metal if the buried pipe exterior surface is in contact 
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with the soil at a temperature of 21-22o Celsius (Nie et al. 2009). The corrosion of pipes in 
soil at this temperature is most likely controlled by other factors, such as oxygen content, 
moisture, corrosive chemicals or bacteria in oxygen-deficient soil. Therefore, the effect of 
temperature can be neglected, and it is not taken into consideration in the models in the 
present study. 
 
Figure 4.1 Temperature of ambient environment and at a depth of burial of specimens 
4.2.2 Moisture monitoring 
The embedded moisture sensors provided relatively accurate measurements of the moisture 
content of the soil. Selected moisture content observations for the entire test duration 
obtained from containers with varying pH and moisture contents were plotted, and the 
results are shown in Figure 4.2. The figure shows that the moisture contents of the test 
containers remained uniform with minimal variation. To avoid moisture loss from the soil in 
the test containers due to evaporation, a measured quantity of water was added twice a week 
to each of the test containers to maintain the moisture content at the target and designated 
values. The moisture content of the test container with 3.5 pH soil was monitored manually 
by weighing, as the moisture sensors were not embedded in this test container due to their 
unavailability at the time when this test container was prepared. The moisture content values 
were converted to 80 % (20 % moisture content) and 40 % (10 % moisture content) 
saturation values.  
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Figure 4.2 Moisture content of soil at depth of burial of specimens 
4.2.3 pH monitoring  
The pH of all the test containers was also monitored automatically using soil pH sensors and 
data loggers. During monitoring, it was found that almost all of the soil pH sensors stopped 
working after two months. The pH was then measured manually by inserting the same 
sensor into the soil inside each of the test containers from the top at a different location, and 
the average of 5 pH measurements was taken as  representative of the pH of the soil at the 
burial level of each test. Since the soil inside each of the test containers had the same method 
of preparation, the average reading taken from the top was taken as representative of the 
whole test container. Observations indicated that the pH of the soil was consistent with the 
time in the test containers, with higher moisture content for longer duration. However, after 
one year of corrosion, the pH began to rise, and was adjusted by adding water with a pH 
slightly lower than the target pH of the soils in the test containers. The pH monitoring data 
on the 5 test batches are shown in Figure 4.3, where the abbreviation MC represents the 
moisture content of the soil. Henceforward pH is denoted by acidity in this chapter. High 
and low acidities represent low and high pHs, respectively. 
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Figure 4.3 Average pH of three readings of various test batches 
4.3 CORROSION MEASUREMENT 
In this section, an analysis of the progress of corrosion using an LPR device is presented. In 
addition, corrosion rates calculated from the mass loss measurements is also presented in this 
section. Further, the localised impact of corrosion in the form of maximum pit depth of 
specimens, which was measured on the 545th day of the study is presented.  
4.3.1 Corrosion current (icorr ) measurement  
Soon after the test started, the corrosion current was measured in terms of icorr. The corrosion 
current is defined as icorr (ASTM G1-03 2014) in mA/cm2 in the present research. An ACM 
linear polarization resistance (LPR) field instrument (ACM Instruments, UK) was used to 
measure icorr for the entire duration of the test, initially every day and then periodically to 
estimate the progress of corrosion. According to the research literature, the LPR technique is 
a reliable corrosion estimation method by which corrosion rates are measured directly in real 
time (NACE 2010). The theory and the practical use of LPR for buried pipelines have 
already been mentioned in Chapter 2 and how the LPR measurements were conducteds in 
this research program research was presented in Chapter 3 Section 3.3.4.  The corrosion 
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current analysis of five test batches with varying acidities (pHs) and saturations (moisture 
contents) is explained in detail in this section. 
Effect of varying acidity in highly saturated soil 
Batch 1- 2.5 pH with 80 % saturation. LPR measurements were carried out to observe the 
progress of corrosion in all the test batches. The corrosion current (icorr) measurements were 
recorded from the first day. The icorr values of specimens in highly acidic (2.5 pH) soil with 
high saturation (80 %) was 0.0017 mA/cm2 on the first day. The icorr value reached the 
maximum peak value (0.036 mA/cm2) after 52 days of corrosion due to the coupled effect of 
pH and moisture breaking the passive layer and causing corrosion current to reach such high 
value, as shown in Figure 4.4. The result indicates that clay soil with high acidity, i.e., a pH 
of 2.5 along with high saturation (80 %) is very corrosive to the buried environment. 
However, it is well established that corrosion yields rust or corrosion products (Davis 2000); 
the more the corrosion process, the more could be the formation of corrosion products. The 
corrosion products prevent the diffusion of oxygen and moisture contact to the metal surface 
as a result corrosion rates decline. It is due to this reason that the icorr values after reaching 
the peak value started to decline, and dropped to 0.013 mA/cm2 by the 545th day as shown in 
Figure 4.4.  
Batch 2- 3.5 pH with 80 % saturation. The icorr reading at day 1 of the specimens in soil 
with 3.5 pH and 80 % saturation was 0.00686 mA/cm2 and kept increasing with time, 
reaching a maximum value of 0.0322 mA/cm2 on the 69th day due to the weakening of 
passive film on the metal surface, which facilitated the development of corrosion products. 
However, having reached the peak, the corrosion current started to decrease and found to be 
0.013mmA/cm2 545 days of corrosion due to the same reason as explained above. The 
results are shown in Figure 4.4.  
The icorr values of the specimens in 3.5 pH were found to be lower than those of 2.5 pH, 
possibly due to the more corrosive environment of the 2.5 pH soil with high concentrations 
of H+ and Cl- ions and causing very high corrosion. 
Batch 3- 5 pH with 80 % saturation. In the batch of low acidity (5 pH) and high saturation 
(80 %), the icorr value of 0.0066 ȝA/cm2 was measured, which was less than that of the other 
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two highly acidic batches, i.e., 2.5 pH and 3.5 pH with the same high saturation respectively 
(Figure 4.4). The icorr measurements of specimens buried in low acidity (5 pH) soil were 
found to be lower than those of specimens in high acidity soil (2.5 and 3.5 pH) up to 355 
days of corrosion, possibly due to the low acidity of 5 pH, although the saturation was the 
same in all three batches (2.5, 3.5 and 5 pH).  
The peak icorr reading of 0.027 mA/cm2 was obtained after 355 days of corrosion, indicating 
the inclination of corrosion rates (Figure 4.4). This peak icorr value was same as that obtained 
in batch 1 i.e., 2.5 pH. The reason for the rising corrosion rates may be the high moisture 
content of the soil equivalent to 80% saturation. Having reached the peak, the icorr values of 
this batch again started to decline due to the same reason as explained earlier for 2.5 pH 
case. 
 
Figure 4.4 Corrosion current (icorr) of various specimens in highly saturated (80 %) soil 
Effect of varying acidity in low saturated soil 
Batch 4- 2.5pH and 40 % saturation. The icorr values of specimens in the highly acidic soil 
of 2.5 pH with the low saturation of 40% were found to be 0.00346 mA/cm2 on the first day 
i.e., after almost 24 hours of corrosion. After 355 days of corrosion, the icorr values rose to 
0.014 mA/cm2, as shown in Figure 4.5. After reaching a peak at 355 days the icorr value 
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started to decrease and dropped to 0.012 mA/cm2 after 545 days of corrosion for the same 
reason as other batches. 
Batch 5- 5 pH with 40 % saturation. The icorr value of the specimens in soil of low acidity, 
i.e., 5 pH and low saturation (40%) on the first day was found to be 0.0066 mA/cm2 and 
reached a maximum value of 0.0091mA/cm2 upon completion of 133 days of exposure, as 
shown in Figure 4.5. These icorr values were found to be lower than those of specimens of the 
other four batches. After 209 days of corrosion, the icorr values remained stable and were 
0.0075 mA/cm2 at the 540th day. In relation to the other four batches discussed above, the 
low corrosion rate values of the specimens in this soil were due to its lower moisture content 
i.e., low saturation. As a result, the soil pores did not become fully saturated with acidity. 
Therefore, on the basis of the test results, it can be said that in soils of low acidity and 
saturation, corrosion acceleration is less favoured compared with other soil conditions.  
It is important to note that the icorr measurements are estimations of corrosion, and they 
depend on the conductive path; the most accurate conventional corrosion measurement is by 
mass loss. Therefore, in addition to LPR corrosion monitoring, mass loss measurements 
were taken and the corresponding corrosion rates were calculated using ASTM G1-03 
(2014). 
 
 
Figure 4.5 Corrosion current icorr of various specimens in low saturated (40 %) soil 
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4.3.2 Corrosion rate measurement by mass loss  
Physical mass loss measurements were carried out for specimens removed at the designated 
times from the test batches in order to investigate the actual corrosion damage and its 
severity. After removal of the specimens and cleaning of the soil particles from them, some 
of the corrosion products from all the different specimens were kept in a sealed bag for XRD 
analysis, the results of which are discussed in Section 4.2.6. The remaining corrosion 
products were then removed using Clarks’ solution. The preparation of this solution and the 
procedure of cleaning the specimens are explained in Chapter 3 Section 3.3.4. The overall 
process of specimen removal from the test containers and their final appearance after rust 
removal are shown in Figure 4.6. 
Mass loss measurements of three specimens from each soil environment were carried out at 
the designated times, and their corresponding corrosion rates were calculated, as described 
earlier in Chapter 3 Section 3.3.4. The corrosion rates of three specimens in each 
environment were found to be relatively similar, indicating the homogeneity of the tailored 
soil for the experimental program, along with the consistency and accuracy of the 
measurements undertaken for the test batches. The average of the three readings of corrosion 
rates for each environment was reported for analysis. The corrosion rates obtained from 
mass loss of the specimens are described in the following section.  
Effect of varying acidity and highly saturation of soil 
Batch 1- 2.5 pH with 80 % saturation. The highest corrosion rates were measured for 
specimens buried in soil of high acidity, i.e., 2.5 pH, and high saturation (80 %) after 180 
days, as shown in Figure 4.7. This result was expected, as the highest icorr values were 
obtained from same specimens at this age. The average corrosion rate of 0.1370 mm/year 
was calculated using ASTM G1-03 (2014) based on mass loss. This result indicates very 
high corrosion in the short period of 180 days of corrosion. The reason for such a significant 
corrosion rate can be explained in terms of the contribution of various factors causing 
accelerated corrosion of buried coupons. Firstly, the saturation or the moisture content has a 
dominant effect on corrosion, as previously explained in the literature review chapter of this 
thesis. The 20 % moisture content of soil used in the present research corresponding to 80 % 
saturation allowed the diffusion of oxygen through the pores of the soil to the specimens, 
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and hence the corrosion process continued accelerating, resulting in high corrosion rates. 
However, due to the development of rust layers, the corrosion rates typically decrease as the 
rust layers prevent further diffusion of oxygen and access of moisture to the metal surface. 
Following the same behaviour, the corrosion rates declined after reaching a peak value and 
reached 0.1120 mm/year after one year of corrosion. This decrease in corrosion rates 
continued, and reached 0.08 mm/year after 545 days of corrosion, as shown in Figure 4.7. 
 
  Figure 4.6 Specimen extraction and final appearance after rust removal 
Batch 2and 3- 3.5 and 5 pH with 80 % saturation. For specimens buried in soil of 3.5 and 5 
pH with high saturation of 80%, high mass loss and corrosion rates were observed. The 
average corrosion rates of 0.0940 and 0.0890 mm/year were obtained from specimens buried 
in soil of 3.5 and 5 pH respectively. The corrosion rate of specimens in soil of 3.5 pH was 
higher than 5 pH due to its greater acidity for 180 days, as shown in Figure 4.7. However, it 
is interesting to note that after one year of corrosion, the corrosion rates (0.1190 mm/year) of 
specimens buried in soil of low acidity (5 pH) with 80% saturation were similar to the 
corrosion rates of specimens in highly acidic soils of 2.5 and 3.5 pH with the same saturation 
for this time. A possible reason for this phenomenon is the low acidity of the soil (5 pH) as 
compared to high acidic soils (2.5 and 3.5 pH). As the time progressed, the corrosion rates 
started to decline in specimens of low pH (high acidity) soils due to the development of 
heavy rust on them, while in soil of 5 pH (low acidic) with the same saturation the corrosion 
process continued, and eventually the corrosion rates became higher than the soils of 2.5 and 
3.5 pH (high acidity) after one year. However, after reaching the peak, the corrosion rates of 
low acidic soil also declined, similar to other high acidic soils and reached 0.080 mm/year 
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due to the build-up of corrosion products after 545 days of corrosion. Similar trend for icorr 
was also observed as stated in the discussion above (Section 4.2.2) in this soil condition.  
In summary, the above analysis indicates that high icorr   and mass loss measurements were 
obtained for the highly saturated acidic soil after the short duration of 180 days. However, 
after 365 days, the highest corrosion was seen in the least acidic batch of 5 pH based on both 
measurements. These results have practical applications for the corrosion protection of 
underground infrastructure using cathodic potential or sacrificial anodes. The results suggest 
that old pipelines which are buried in less acidic saturated soil conditions such as 5 pH are 
more prone to corrosion failure than those in highly acidic conditions (2.5 pH). The results 
obtained for the coupled effect of varying acidity (2.5, 3.5 and 5 pH) and high saturation (80 
%) can be used as a benchmark for estimating accurate corrosion rates in the field, and will 
help in estimating the repair and maintenance times for given types of soil and conditions. 
 
Figure 4.7 Effect of varying acidity on corrosion rates in highly saturated (80%) soil 
Effect of varying acidity in low saturated soil 
Batch 4 and 5- 2.5 and 5 pH with 40 % saturation. The mass loss measurements of the 
specimens in low saturated soil conditions were also measured at the designated time periods 
to verify icorr measurements. In the case of specimens buried in soils of 2.5 and 5 pH with 40 
% saturation, the corrosion rates (mass loss) were found to be 0.1370 and 0.0740 mm/year 
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respectively, after 180 days of corrosion (see Figure 4.8). However, after 365 days of 
corrosion, the corrosion rates of the specimens in high acidic soil (2.5 pH) with low 
saturation (40 %) declined significantly and reached 0.1190 mm/year, while the corrosion 
rates of the specimens in soil of low acidity (5 pH) remained almost stable from 180 days to 
365 days of corrosion and beyond (Figure 4.8). The coupled effect of low acidity (5 pH) and 
low saturation (40 %) of the soil did not induce significant corrosion in the specimens at the 
beginning of corrosion test, and the corrosion rates continued at the same rate for a long time 
for this soil condition. Moreover, with low moisture, the resistivity of the soil provides more 
hindrance to the corrosion current in the area of metal and soil interaction. However, after 
reaching a peak value in 365 days, the corrosion rates of the specimens in this soil condition, 
decreased to 0.060 mm/year at 545 days of corrosion. This was in contrast to the LPR 
measurement, as there was no decline in the icorr measurement of the specimens for this soil 
condition. 
Figure 4.8 Effect of varying acidity on corrosion rates in low saturated soil (40%)
Effect of varying saturation in high acidic soil  
Based on the mass loss measurements from different acidity and highly saturated soil 
conditions, the most dominant factor for corrosion is the combined effect of high saturation 
and high acidity of the soil near the exposed surface of the specimens. To achieve in-depth 
understanding of this phenomenon, a comparison was made of the corrosion rates of the 
specimens buried in soil of varying degrees of saturation with high acidity (2.5 pH), as 
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shown in Figure 4.9. The corrosion rates make it is quite evident that high acidity has a 
significant role in contributing to the external corrosion of buried pipes. The contribution of 
high saturation (80 %) is minimal in soils of high acidity (2.5, 3.5 and 5 pH), as discussed 
earlier. Moreover, the corrosion rates are very high initially in high acidic (2.5 pH) soils, 
irrespective of their saturation levels, but, after a certain time (180 days in the present 
research) the rates decline. In contrast with the rate measurements, the icorr indicates the 
stability in corrosion rates in high acidic (2.5 pH) and low saturation (40 %) (Figure 4.5). A 
possible reason for this conflict in both measurements is that the LPR is an electrochemical 
technique relying on conductive material for corrosion current flow. To obtain more reliable 
corrosion assessments from the LPR technique, a more conductive environment is needed, 
which is probably not available in low saturated soils.  
 
Figure 4.9 Effect of varying saturation on corrosion rates in highly acidic (2.5 pH) soil
The rate analysis of high acidity (2.5 pH) soil of varying saturation levels (40 % and 80 %), 
revealed that the high acidity (2.5 pH) soil behaves as a uniform medium for the corrosion 
process, independent of saturation level. The corrosion reaction in highly acidic soil i.e., 2.5 
pH is governed by its pH. However, it would be interesting to determine the corrosion 
behaviour of less acidic soils with varying saturation, which is described below. 
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Effect of varying saturation in low acidic soil 
Under normal environmental conditions, natural soils in which pipes are laid may have low 
acidity, i.e., 5 pH. It is interesting to know how metal pipes that are buried in this soil react 
with varying saturation levels of the soil which can be experienced in field conditions due to 
rain. The corrosion of buried pipes in low acidity soil (5 pH) high saturation (80 %) may be 
the same as that in highly acidic soil with the same saturation. This corrosion behaviour was 
experienced in the present study, as shown in Figure 4.10. However, in less saturated soil 
with the same pH of 5, the corrosion rates were found to be lower than those of the highly 
saturated soil, as shown in Figure 4.10. This result indicates that the high degree of 
saturation of the soil plays a significant role in the high corrosion rates of the pipes buried in 
soil of lower acidity (5 pH). The low corrosion rates in less saturated soils are possibly due 
to less moisture being available in the soil pores to react with acids, resulting in less 
corrosion compared with other batches with 80 % saturation.
Figure 4.10 Effect of varying saturation on corrosion rates in low acidic (5 pH) soil
4.3.3 Maximum depth of corrosion pit 
Although the corrosion rates obtained from mass loss give an indication of the sectional loss 
of metals, localized corrosion in the form of pits in pipelines is a matter of prime concern, as 
it may result in fracture failure. Therefore, in the pipeline industry finding the maximum pit 
depth is imperative for the estimation of the remaining service life of buried pipes. 
Therefore, the pit depths of the various specimens of all the test batches along with their 
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corroded surface topography were measured at the end of 545 days of corrosion. A 
ContourGT-Ksystems 3D profilometer was used for the measurement of maximum pit depth 
and 3D topography of the selected area (marked in Figure 4.11) with the maximum pit depth. 
The procedure for measurement using a 3-D profilometer is explained in Chapter 3 Section 
3.3.4. 
Following 545 days of corrosion, specimens were taken from all five test batches of varying 
acidity (i.e., pH of 2.5, 3.5 and 5) and saturation levels (80 and 40 %). First, the mass loss of 
all specimens was measured, and the specimens were then visually observed for the deepest 
pit depth, corrosion pitting, and its distribution. The most corrosion-affected areas with the 
deepest pits were identified and marked for pit analysis. A pictorial view of specimens from 
various soil environments is shown in Figure 4.11. The specimens withdrawn from the soil 
of low acidity (5 pH) with 80 % saturation were observed to have a high density of pits with 
varying sizes, while, the specimens in soil of high acidity, i.e., 2.5 pH, with the same 
saturation had smaller, evenly distributed pits in their exposed surface. Similarly, pits of 
specimens in soil of 3.5 pH and 80 % saturation  were found to be small and evenly 
distributed, but, the specimens in soil of 2.5 and  5 pH with 40 % saturation had random pits 
with uniform corrosion.  
After visually inspecting the specimens, 3-D surface topography of the selected areas of 
various specimens shown in Figure 4.11 with dotted circles was executed to find the deepest 
pit. The results of 3-D analysis are shown in Figures 4.12 and 4.13. 
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Figure 4.11 Visual inspection of pit density and distribution of various specimens at the 
545th day 
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Figure 4.12 3-D surface topography and pit depths of specimens in highly saturated (80 %) 
soil with varying acidity 
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At the 545th day, the deepest pit depth of 0.450 mm (Figure 4.12(c)) was found for a 
specimen buried in soil of low acidity (5 pH) and high (80 %) saturation. Similarly, the 
deepest pit depth of a specimen buried in the same saturated soil with high acidity (2.5 pH) 
was found to be 0.235 mm, as shown in Figure 4.12(a). This measurement was lower than 
the measurement obtained from soil of 5 pH with 80 % saturation, while the acidity of the 
former was higher than that of the latter. This result is consistent with the corrosion rate 
results, as the highest corrosion rates were also found for the same soil. This further verifies 
the severity of corrosion in terms of pit depth in this soil condition.  Pipelines are normally 
designed for more than 50 years of service life. The deepest pit of 0.45mm is a 4.5 % 
reduction of the thickness (10mm) of the specimen simulating buried pipes after 545 days, 
i.e., 1.5 years. This suggests that if the cast iron continues to deteriorate at the same rate, 
there will be a hole in the specimen after 33 years (1.5 x 10/0.45), which is almost half the 
designed life of buried pipelines. Hence, the coupled effect of low acidity (5 pH) and high 
saturation (80 %) of clay soil can cause severe localized corrosion of buried pipes.  
The deepest corrosion depth of a specimen in highly acidic soil (2.5 pH) with low (40 %) 
saturation was found to be 0.149 mm (Figure 4.13(a)). This depth was almost equal to that of 
a specimen buried in soil of 3.5 pH with 80 % saturation, which had the deepest pit at 0.150 
mm (Figure 4.12(b)). Interestingly, based on corrosion rate measurements, these two batches 
were also found to have the same corrosion rates after 545 days of corrosion. The similarity 
in pit depth may be due to the fact that in soil of high acidity (2.5 pH) and low saturation (40 
%), the corrosion progress was rapid at the beginning. This resulted in the formation of 
corrosion products fully covering the exposed surface after 230 days, as the rates started to 
decrease after this point (Figure 4.9). Once the corrosion products were fully formed, further 
corrosion reaction decreased or proceeded at a steady rate, as explained earlier. On the other 
hand, in soil of 3.5 pH with 80 % saturation, the localized reaction was not as rapid as that of 
soil of 2.5 pH with 40 % saturation. The corrosion products were fully developed after 
almost 365 days in highly acidic (3.5 pH) soil of high saturation (80 %) compared with the 
230 days in soil of 2.5 pH with 40 % saturation. As a result of this difference in the rate of 
corrosion between the two soil conditions, the specimens of these two batches were 
eventually found to have similar maximum pit depths after 545 days in their respective 
environments.  
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The smallest pit depth among all specimens was obtained from one buried in soil of low 
acidity (5 pH) with low (40 %) saturation. The deepest pit depth of 0.094 mm was obtained 
from this specimen at the 545th day, as shown in Figure 4.13(b). In relation to the corrosion 
rates, the specimens with this soil condition were also found to have the least corrosion in 
terms of mass loss. Therefore, the two measurements are in agreement. In the light of the 
above results, the corrosion pit measurements further corroborate the experimental findings 
of the present research and authenticate its originality. 
 
 
 
 
 
 
(a) 2.5 pH 
 
 
 
 
 
(b) 5 pH 
Figure 4.13 3-D surface topography and pit depth of specimens in low saturated soil (40%) 
with varying acidity 
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Based on the results shown in Figures 4.7, 4.8, 4.12 and 4.13, an empirical relation Eq. (4.2) 
between the maximum pit depth and the corrosion rate can be developed as follows with R2 
= 0.9969 as shown in Figure 4.14: 
                                                      y = 0.0039e52.331x                                                            (4.2) 
where, Cmax = max pit depth (mm) and d = corrosion rate (mm/yr). 
 
Figure 4.14 Relation between corrosion pit depth and corrosion rate 
This equation can help engineers and asset managers in estimating the maximum pit depth 
from the corrosion rate of buried pipes. Using this equation, the failure of pipes in the form 
of leaks or holes can be predicted if the corrosion rates are known. The corrosion rates of 
buried pipes at sites can be measured using, for example, LPR. 
4.4 MICRO-STRUCTURAL ANALYSIS  
This section reports the results of the microstructural analysis of corroded specimens  from 
the various soil environments of varying acidity and saturation levels at the designated times.  
The microstructural analysis conducted is presented in detail in this section. First, an 
analysis of the corrosion products formed on the exposed exterior surfaces of the specimens 
was carried out using XRD. The purpose was to observe which type and forms of corrosion 
products were developed on the specimens in the soil environments. To observe the 
morphology of the corrosion products, SEM imaging of the selected specimens was also 
carried out. Next, elemental analysis of the corroded specimens was carried out using XRF 
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at the designated times; the purpose was to compare the compositional variation due to 
corrosion in soil with time. The results of the elemental analysis are presented in this section. 
Finally, an EBSD analysis of the selected specimens was carried out at 545 days of corrosion 
to observe the microstructural and phase changes due to corrosion after 18 months of 
accelerated corrosion. The results and analysis of EBSD are also presented in this section. 
The significance of conducting micro-structural analysis for material investigation is 
undeniable. It helps in understanding the mechanism of material deterioration with time, and 
the susceptibility and variation of the mechanical properties due to environmentally-induced 
degradation, and microstructural analysis can also investigate the influence of external 
stimuli on the material. In addition, corrosion protection techniques can be developed based 
on a thorough understanding of the microstructure and metallurgy of metal prone to 
corrosion. 
4.4.1 Corrosion products 
After 180, 365 and 545 days of corrosion, the cast iron specimens were removed from the 
test containers, cleaned with water to remove soil on the surfaces and visually observed to 
detect the accumulated corrosion products. Based on visual observations, all the specimens 
appeared severely corroded. Figure 4.15 shows specimens at the 545th  day of corrosion from 
test batches of high and low acidity (i.e., 2.5 and 5 pH) with saturations of 40 and 80 % (i.e., 
10 and 20 % moisture content respectively). Three specimen of 3.5 pH with 80 % saturation 
are also shown in Figure 4.15. 
In Figure 4.15, minor visible changes can be seen in terms of a change in colour (rust) of 
specimens from different soil environments. After 1.5 years of corrosion, specimens from 
soil of high and low acidity (i.e., 2.5 and 5 pH), with 20 % moisture content (equivalent to 
80 % saturation) showed significant corrosion. The least corrosion was observed for 
specimens buried in soils of the same pH but with 10 % moisture content (equivalent to 40 
% saturation). The colour of the corrosion is different in all the specimens, possibly due to 
the reaction of soil constituents with metal specimens under varying acidities and 
saturations, resulting in the formation of varying corrosion products. Knowledge of the 
corrosion products was obtained by using XRD, and the results and analysis are presented 
below.  
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The investigation of the corrosion products formed on metals and the understanding of its 
formation mechanisms are essential factors for the development of corrosion protection for 
materials (Lin and Wang 2005). XRD provides information about the phase composition of 
solid materials and is one of the most commonly used tools for finding corrosion products. 
Moreover, XRD can identify the crystalline and amorphous phases accurately. The 
procedure by which XRD analysis was conducted in the present research is explained in 
Chapter 3, Section 3.5.1.  
 
 
 
Figure 4.15 Images of corroded samples after exposure to various test environments 
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The XRD observations of specimens from different soil environments were found to be 
similar. The highest peak in all the specimens of various environments was of quartz, due to 
the adherence of soil on the exposed surface of the specimens along with other corrosion 
products, which was impossible to eliminate before XRD analysis. Other soil-related 
products, such as kaolinite and muscovite, were also detected in the XRD spectra of all 
specimens from various pH environments and soil moisture contents. The XRD analysis of 
2.5, and 5 pH with 20 % and 10 % moisture contents respectively, and one case of 3.5 pH 
with 20 % moisture content are shown in Figure 4.16. Based on these results, the actual 
corrosion products found were lepidocrocite (Ȗ-FeOOH), goethite (Į-FeOOH), and iron 
oxide (Fe2O3). A combined or super-imposed XRD analysis of various specimens is shown 
in Figure 4.16 for comparison. In the figure, it can be seen that there is no marked difference 
in the corrosion products of different specimens. They all produced similar corrosion 
products with minute differences in soil environments of varying acidities and saturations. 
Understanding of the mechanism by which corrosion products in soil are formed is 
important for corrosion studies of pipes as they are correlated with corrosion rates. The 
mechanisms of how different corrosion products are formed in the soil are explained in the 
following section.  
Due to the variation of moisture as a result of evaporation, and compensating it by adding 
water to the corrosive soil yields Fe(OH)3: 
                                     Fe(OH)3ĺFeOOH+H2O                                                                (4.3) 
Fe(OH)3 further decomposes to form Į-FeOOH. It is interesting that when ferrous metal is 
exposed to a dry soil environment, the FeOOH transforms to Fe2O3 by way of a dehydration 
reaction. 
                                          2FeOOHĺFe2O3+H2O                                                             (4.4) 
It was interesting to know that the corrosion products after 365 days of corrosion were 
similar to the corrosion products obtained after 6 months. The reason may be the thickness 
of the rust layer on the specimens, which increased with time and prevented or minimized 
further corrosion reaction and caused a corresponding change in the corrosion products.  
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Figure 4.16 Comparison of corrosion products of various specimens based on XRD 
Next, SEM imaging of un-corroded and corroded cast iron specimens was carried out. The 
SEM imaging of un-corroded specimens revealed a flaky graphite micro-structure in the 
specimens (Figure 4.17), which is common to all existing grey cast iron pipes and products 
(Bradley and Srinivasan, 1990).   
 
Figure 4.17 Flaky graphite type A and B micro-structure of specimen (ASTM A247- 2017) 
There is a difference of opinion among researchers regarding the presence and shape of 
graphite in the corrosion acceleration and resistance of cast iron structures in corrosive 
environments (Mohebbi and Li 2011; Lunarska 1996). Some researchers have reported that 
graphite, cementite and eutectic phases serve as cathodic sites for cast iron (Vasudevan et al. 
1986; Stott et al. 1990; Azim and Sanad 1972; Leedom 1946) and the corrosion processes 
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takes place at the interphase boundaries. Some researchers have reported that more lamellar 
the graphite, the higher the corrosion rate expected in cast iron (Tel'manova et al. 1980), in 
contrast with another researcher (Lunarska 1996), who did not notice any effect of graphite 
shape on the corrosion of grey cast iron. Therefore, there is still ambiguity in the 
understanding of the corrosion mechanism of cast iron pipes due to the presence of different 
graphite sizes and  shapes.  
Figure 4.18 shows SEM images of corroded zones of test specimens removed from the set-
up. The images indicate that the corrosion products and soil particles adhered to the surface 
of the specimen i.e., the traces of tiny flaky goethite (Figure 4.18(a) and, (b)) and iron oxides 
(Figure 4.18(c)) can be seen as corrosion products along with other soil compounds.  
 
Figure 4.18 SEM images of corroded cast iron specimens 
Iron oxide 
Goethite Goethite 
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4.4.2 Elemental change due to corrosion  
The elemental composition of specimens from various corrosive soil environments of test 
batches was determined after 365 and 545 days of corrosion to observe the variation in their 
composition over time. These two time periods were selected to observe noticeable changes, 
as corrosion is a slow process which takes time to take place. The composition of the 
corroded specimens was compared with that of un-corroded specimens in order to observe 
the change in the constituent elements of the specimens due to corrosion. The elemental 
composition was determined by XRF analysis. The procedure for determining the elemental 
composition using XRF has already been explained in Chapter 3 Section 3.5.2. The key 
elements of various specimens are listed in Table 4.1 and graphically presented in Figure 
4.19. 
Table 4.1 Elemental composition before and after corrosion in various environments 
 
Acidity in 
pH 
Saturation 
(%) Elements 
Percentage 
 (days) 
0 365 545 
5 80 
Fe 81.1 69.5 51.47 
O 1.92 24 32.89 
Cl 0.05 0.4 1.25 
Cr 0.04 0.07 0.05 
Si 1.98 4.06 3.04 
P 0.01 0.01 0.15 
Mn 0.71 0.59 0.65 
S 0.02 0.05 0.19 
5 40 
Fe 81.1 67 62.109 
O 1.92 24.2 25.48 
Cl 0.05 0.47 0.8 
Cr 0.04 0.06 0.07 
Si 1.98 2.34 2.34 
P 0.01 0.02 0.01 
Mn 0.71 0.66 0.66 
S 0.02 0.04 0.07 
3.5 80 
Fe 81.1 65.3 56.339 
O 1.92 24.3 29.51 
Cl 0.05 0.61 0.6 
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Cr 0.04 0.04 0.05 
Si 1.98 1.61 1.68 
P 0.01 0.01 0.01 
Mn 0.71 0.65 0.68 
S 0.02 0.05 0.04 
2.5 80 
Fe 81.1 67 53.212 
O 1.92 30 33.16 
Cl 0.05 0.42 0.52 
Cr 0.04 0.06 0.06 
Si 1.98 2.39 2.12 
P 0.01 0.01 0.01 
Mn 0.71 0.6 0.65 
S 0.02 0.05 0.08 
2.5 40 
Fe 81.1 68.4 61.82 
O 1.92 21.8 33.3 
Cl 0.05 0.6 0.75 
Cr 0.04 0.03 0.04 
Si 1.98 2.05 1.48 
P 0.01 0.01 0.01 
Mn 0.71 0.67 0.65 
S 0.02 0.04 0.04 
 
In Figure 4.19 (a), it can be seen that there is a definite difference in Fe with time in all the 
specimens. The percentage content of Fe in un-corroded specimens was found to be 81.11 
%, which reduced in all specimens after 365 and 545 days of corrosion. The highest 
reduction of Fe was measured in a specimen buried in soil of 5 pH with 80 % saturation. The 
Fe in this specimen was reduced to 69.52 and 51.47 % from 81.11 % after 12 and 18 months 
of corrosion respectively. The second specimen severely affected by corrosion was buried in 
soil of high acidity (2.5 pH) and high saturation (20 % moisture content). The reduction in 
Fe was 67.02 and 53.21 % , slightly less than that of the same specimen buried in the soil of 
the  same saturation with low acidity (i.e., 5 pH) at 365 and 545 days respectively. This 
result is consistent with the corrosion rate and pit depth measurements, as the maximum 
corrosion rate and depth were also observed for a specimen buried in soil of low acidity (5 
pH) with high saturation, followed by a specimen buried in the same soil of 2.5 pH. It can be 
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inferred from this result that the specimen with the greatest corrosion suffered the highest 
reduction in Fe. 
The Fe reduction in specimens of high acidity (i.e., 3.5 pH) with high saturation was found 
to be 65.32 and 56.34 % after 365 and 545 days of corrosion respectively. These values were 
less than those for specimens buried in soil of the same saturation with 2.5 and 5 pH. This 
result is again consistent with the corrosion rate and depth measurements, which indicates a 
similar trend, as discussed in the respective sections. The Fe reductions of 66.95 and 62.11 
%, and 68.4 and 61.82 %, were found for specimens buried in soil of 5 and 2.5 pH with 40 
% saturation after 365 and 545 days of corrosion, respectively. These values were the lowest 
compared with those for specimens buried in soil of the same pH with higher saturation. 
This proves that the influence of corrosion on the elemental composition of specimens is 
higher in cases of high saturation of soil. The coupled effect of high acidity (low pH) and 
high saturation contributes significantly to the external corrosion of pipes, and a 
correspondingly greater reduction in Fe is observed for this reason. This decrease in Fe 
composition was due to the fact that during all corrosion processes Fe ions are released from 
the metal, and they combine with oxide to form corrosion or rust layers. As the corrosion 
process continues, the liberation of Fe ions from the metal surface continues, consequently 
causing reduction of the elemental Fe percentage in metal over time. The liberated Fe ions 
combine with the oxygen available in the environment to form Fe oxides, commonly known 
as corrosion products.  
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The oxygen content was observed to increase after 365 and 545 days of corrosion. The 
oxygen percentage increased successively with the increase in time, indicating that oxide 
layers formed on the surface of the various specimens, as shown in Figure 4.19 (b). The 
initial oxygen content in the exterior surface of an un-corroded specimen was found to be 
1.92 % using XRF. The oxygen percentage increased to 24.01 and 32.89 after 365 and 545 
days respectively, in specimens of low acidity (5 pH) with highly saturated (20 % moisture 
content) soil. In contrast, in soil of high acidity (2.5 pH) and the same saturation, the oxygen 
concentrations of the same specimens were 29.95 and 33.16 % respectively at these ages. 
Interestingly, the oxygen content of the specimen in soil of 2.5 pH after one year of 
corrosion was higher than that of the  specimen in soil of 5 pH. The reason was the rapid 
corrosion process in low pH soil at the beginning, resulting in the development of rust layers 
which gave a higher content of oxygen at this time in the former compared with the latter 
specimen.  
Moreover, the oxygen content of specimens buried in soil of 3.5 pH with the same saturation 
was found to be 24.31 and 29.51 % after 365 and 545 days of corrosion, respectively. These 
percentages were less than those of specimens in soil of 5 and 2.5 pH with the same 
saturation at these ages, following a similar trend to that obtained for Fe content. Finally, 
oxygen contents of 24.17 and 25.48 %, and 21.76 and 33.3 %, were obtained for specimens 
buried in soil of 5 and 2.5 pH with 10 % moisture content (40 % saturation) after 365 and 
545 days, respectively. These results indicate that the oxygen content of a specimen buried 
in soil of 2.5 pH with 40 % saturation was the highest compared with other cases due to 
corrosion.  
The research literature suggests that silicon is a vital element in all cast irons except white 
cast irons, as it allows the nucleation of graphite and minimizes the cementite (FeC) content 
in cast iron products. In the present research, a variation in the silicon content of various cast 
iron specimens was found (see Figure 4.19(c)). The initial silicon content in un-corroded 
specimens was found to be 1.98 %, which increased to 4.06 % after 365 days and then 
dropped to 3.04 % after 545 days of corrosion in a specimen buried in soil of 5 pH with 80 
% saturation. This increase and then decrease of the silicon content in this specimen could be 
due to defects in the material, the composition of the specimen being different from 
standard, or the soil reaction with the exterior surface of the porous cast iron specimen which 
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allowed the entry of silicon into the metal surface. The areas with varying porosity levels 
gave rise to different silicon contents in this corroded specimen. Similar results were 
obtained for a specimen buried in 2.5 pH soil with the same saturation. The silicon content 
increased to 2.39% after 365 days and then dropped to 2.12 % after 545 days, possibly for 
the same reasons. Conversely, the silicon content of a specimen of 3.5 pH with the same 
saturation declined to 1.61 % and then increased to 1.68 % after 365 and 545 days of 
corrosion, respectively, possibly due to the manufacturing or due to the reaction of the 
specimen with the soil which caused the silicon deficiency from its original un-corroded 
content. 
 
(b) Oxygen 
Moreover, the silicon content of the specimen buried in 40 % saturated soil of 2.5 pH was 
found to be 2.05 and 1.48 % after 365 and 545 days of corrosion, respectively (Figure 4.19 
(c)). This result is similar to the other measurements. Finally, the silicon content of the same 
specimen buried in soil with high pH (5) was found to be 2.34 % at 365 and 545 days of 
corrosion, respectively. 
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(c) Silicon 
Chloride attack has been reported as one of the most severe forms of corrosion (Ma 2012). 
After conducting XRF analysis of various specimens, it was found that the chloride content 
on the exterior surface of specimens increased from the initial value of 0.05%, obtained from 
an un-corroded specimen, as shown in Figure 4.19(d). The chloride content of a specimen 
buried in soil of 5 pH with 80 % saturation increased to 0.4 and 1.25 % on the 365 and 545th 
day, respectively. This was the highest chloride content obtained after 545 days of corrosion 
compared with other specimens in different environments. This result supports the 
experimental originality of the present research, as the highest corrosion rate and depth were 
also obtained for this case. Moreover, the Fe reduction was the highest. These results show 
that metals with severe corrosion suffer more elemental variation over time. The percentage 
chloride ingress in a specimen buried in soil of high acidity (2.5 pH) with 80 % saturation 
was found to be 0.42 and 0.52 % after 12 and 18 months of corrosion, respectively, while, 
for a specimen in soil with the same saturation with high pH (i.e., 3.5), chloride content of 
0.61 and 0.6 % was obtained after 365 and 545 days of corrosion, respectively.  
Interestingly, the corrosion rate in this case was almost the same at 365 and 545 days of 
corrosion, possibly due to the development of heavy rust layers which prevented further 
chloride attack after 365 days. Moreover, the chloride contents of specimens buried in soils 
of 40 % saturation with 2.5 and 5 pH were found to be 0.6 and 0.75 %, and 0.47 and 0.8 % 
respectively, after 365 and 545 days of corrosion.  
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 (d) Chloride 
 Manganese is added during the manufacture of grey cast iron so that it can form MnS with 
sulphur, and if it is not added this will result in the formation of FeS, which is detrimental to 
the mechanical properties of cast iron products. Caution is also necessary when adding Mn 
to avoid manganese carbide formation, which can change the mechanical properties. 
Therefore, determining the Mn and S content before and after corrosion is vital for the 
durability and service life of grey cast iron products. According to XRF analysis, the change 
in Mn was very slight (Figure 4.19(e)). The Mn content of an un-corroded specimen was 
found to be 0.71 %, which changed to 0.65, 0.6 and 0.585 % when specimens were buried in 
soils of 3.5, 2.5 and 5 pH with 80 % saturation respectively after 365 days of corrosion. 
After 545 days of corrosion, the percentages were found to be 0.68, 0.65 and 0.65 % 
respectively for specimens in these soils. Moreover, the Mn contents of specimens buried in 
low moisture soils of 40 % saturation with 5 and 2.5 pH were found to be 0.66 and 0.66 %, 
and 0.665 and 0.65 %, respectively after 12 and 18 months of corrosion. 
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 (e) Manganese 
Sulphur content was found increase in all the specimens after 12 and 18 months of corrosion. 
The initial sulphur content was 0.02 %, which changed to 0.04 and 0.07, and 0.04 and 0.04 
% after 365 and 545 days of corrosion in soils of 40 % saturation with 5 and 2.5 pH, 
respectively (Figure 4.19(f)). The sulphur contents of the 80 % saturated soils were found to 
be 0.05, 0.05 and 0.05 % after 365 days of corrosion with pH of 3.5, 2.5 and 5, respectively, 
while after 18 months of corrosion, the sulphur contents were 0.04, 0.08 and 0.19 % 
respectively in these soils. These results indicate that the sulphur content of a specimen in 5 
pH soil with 80 % saturation was the highest after corrosion. As mentioned earlier, the 
presence of sulphur may be detrimental to metal as it causes FeS formation with Fe, and 
therefore may be responsible for a reduction in the bond strength of elements. 
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 (f) Sulphur 
Chromium has been found to be a carbide former and can result in the reduction of fracture 
toughness if added in too much quantity during the manufacturing process. The initial 
chromium percentage was found to be 0.04 in an un-corroded specimen while in specimens 
after corrosion, the chromium percentage was in the range of 0.03 to 0.07 after 365 and 545 
days of corrosion respectively for various specimens (Figure 4.19(g)). Chromium increased 
in all specimens after corrosion, with the exception of a specimen buried in soil of 2.5 pH 
with 40 % saturation, for which a reduction was observed. The percentage reduced to 0.03 
after 365 days, but after 545 days of corrosion, no change in chromium content was found. 
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(g) Chromium 
Figure 4.19 Change in elemental composition of specimens due to corrosion in various 
environments 
The percentage of phosphorus is kept low in the grey cast iron manufacturing, because of its 
detrimental effect on the fracture toughness of grey cast iron. XRF analysis showed that no 
reduction or change in the phosphorus content was observed in any specimens. The 
percentage remained 0.01% in all specimens, even after 545 days of corrosion, with the 
exception of one specimen buried in soil of low acidity (5 pH) with 80 % saturation. In this 
case, the phosphorus content increased to 0.15% as shown in Table 4.1. This increase was 
possibly due to corrosion or the addition of impurities or defects in the manufacturing 
process. 
4.4.3 Phase analysis 
After 545 days of corrosion, phase analysis of specimens buried in various environments 
was conducted using EBSD in order to observe any variation in the phases of the specimens 
due to corrosion. A series of scans at different locations on the specimens near corrosion was 
carried out to find any noticeable differences in the phases of the specimens due to 
corrosion. The preparation of specimens and the method of carrying out EBSD have been 
explained in Chapter 3 Section 3.5.3. In the maps, very high silicon percentage phase 
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fraction was observed in almost every specimen. This was found to be unavoidable, because 
of the fine polishing of OP-S colloidal silica, contaminated the subjected surface due to the 
porosity of cast iron. To overcome this problem, using the XRF analysis data, the silicon 
content was adjusted with Fe content. The details of the phase analysis of the various 
specimens are shown in Table 4.2 and plotted as a bar chart in Figure 4.20. While, the 
processed EBSD maps of the different scans are pictorially shown in Figure 4.21. Three 
phases, ferrite (Fe), cementite (FeC) and inorganic crystalline iron oxide (Fe2O3), were 
selected for phase quantification. 
Table 4.2 Phase analysis after 545 days of corrosion using EBSD 
Acidity 
in pH Saturation  
Phase analysis (%) 
Fe FeC Fe2O3 Other 
5 80 52.66 2.95 28.23 16.16 
5 40 79.64 3.78 6.03 10.55 
3.5 80 72.32 2.42 13.63 11.63 
2.5 80 64.50 2.95 21.23 11.32 
2.5 40 76.5 2.38 8.6 12.52 
The phases of the uncorroded specimens were first determined and found to be 81.18, 3.56 
and 0 % of ferrite, cementite and ironoxide respectively. Then, the phase analysis found the 
ferrite, cementite, and iron oxide fractions to be 52.66, 2.95 and 28.33 % respectively, for 
specimens buried in soil of 5 pH with 80 % saturation (Figure 4.20), while the percentages 
of these three phases were 64.5, 2.95 and 21.23 % respectively, for specimens buried in the 
soil with the same saturation and the low pH of 2.5. The phase analysis of these specimens 
was consistent with their XRF analysis, which showed similar Fe and O content, indicating 
the accuracy and originality of the measurements. The ferrite, cementite, and iron oxide 
fractions of specimens buried in soil with 80 % saturation and 3.5 pH were found to be 
72.32, 2.42 and 13.63 %, respectively (Figure 4.20). According to the EBSD phase analysis, 
the maximum reduction was found from specimens of 5 pH followed by 2.5 pH and 3.5 pH 
in high saturated conditions. Similar results were obtained for the XRF analysis, confirming 
the EBSD analysis. 
The ferrite, cementite and iron oxide contents of the specimens buried in soils of 40 % 
saturation with 2.5 pH were found to be 76.5, 2.38 and 8.6 %, respectively, while these 
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phases were 79.64, 3.78 and 6.03 % respectively for specimens buried in soil with 5 pH and 
the same saturation (refer to Figure 4.20). Based on the the EBSD analysis of various 
specimens, it is obvious that the specimens which suffered severe corrosion were most 
influenced in terms of their phase change. Moreover, based on XRF analysis, similar 
phenomena were observed and similar changes in elemental composition were obtained for 
highly corroded specimens.  
 
Figure 4.20 Phase analysis of specimens at 545th day of corrosion 
  
 
 
 
 
(a) 5 pH with 80 % saturation, SEM image on the left and EBSD map on the right  
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(b) 3.5 pH with 80 % saturation 
 
 
 
 
(c) 2.5 pH with 40 % saturation 
 
 
 
 
 
(d) 2.5 pH with 80 % saturation 
 
 
 
 
154 
 
 
 
 
 
 
 
(e) 5 pH with 40 % saturation  
Figure 4.21 EBSD phase map of various specimens after 545 days of corrosion 
4.5 CORROSION CAUSED BY BACTERIA IN SOIL 
This section presents an analysis of the results of experiments on the corrosion of cast iron in 
two media in the presence of sulfate-reducing bacteria (SRB), one in soil and the other in a 
medium containing bacteria. This section reports the long-term results of corrosion caused 
by SRB in both the media, which has been the subject of little previous research. The 
specimens were removed from the media at the designated times, and mass loss 
measurements were performed. The results showed a large difference between the mass loss 
obtained for specimens in soil and in media containing bacteria. The corrosion depths were 
measured after one year of corrosion of the specimens in both the media. Moreover, an 
analysis of the corrosion products formed on the specimens in soil was conducted, and the 
elemental composition of the exterior surface after corrosion was measured at the designated 
times. The results for the corrosion products and elemental analysis are presented in this 
section. 
4.5.1 Corrosion rates  
This section reports the initial bacterial attachments observed by SEM and visual 
observations of the specimens after removal from the test set-ups. The visual analysis of the 
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corrosion damages caused by the SRB in the soil and the culture media. A comparison of the 
long-term corrosion rates of the specimens in soil and culture media and an expalnation of 
the mechanisms and processess involved in high corrosion rates in both the media are also 
presented. Moreover, the test results obtained for corrosion in acidic soils and alkaline soil 
with SRB are presented and analyzed in this section. 
Initial bacterial attachment 
The initial bacterial attachment of the specimens was seen 90 days after testing commenced 
to check whether the test set-up was working and whether there was any noticeable biofilm 
on the specimens. The visual inspection of the specimens after three months of corrosion is 
shown in Figure 4.22. In this figure it can be seen that the specimen removed from the 
culture medium containing SRB is entirely covered by black-coloured film, which is an 
indication of SRB growth and its attachment (Javed et al. 2017). On the other hand, the 
specimen removed from the soil medium does not show a black-coloured layer, although 
traces of it with other large brown-coloured rust can be seen (Figure 4.22), indicating that 
there may be SRB activity on the specimen in soil.  
 
Figure 4.22 Specimens corroded by SRBs in soil and in culture media 
After visual inspection, the specimens were examined under SEM to observe the bacterial 
attachments. The bacterial attachment of a specimen removed from soil containing bacteria 
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is shown in Figure 4.23 and that of a specimen removed from the culture medium is shown 
in Figure 4.24. These images were taken under FEI Quanta 200 SEM at a lower 
magnification of 1000x for soil specimens and a higher magnification of 3000x for 
specimens in the culture medium. However, for specimens in soil containing bacteria; the 
bacterial attachment was not visible, due to the adherence of soil particles to the specimens. 
Therefore, the images were taken at much higher magnifications of 1500x and 12,000x 
respectively. The white-coloured bacteria can be seen in Figures 4.23 and 4.24. Since 
bacterial attachments and their colony formation is not the main objective of the present 
research, only a small number images of the bacterial attachment are presented here to show 
that the bacteria attached to the cast iron specimens used in this research. 
When it was confirmed that the experimental set-up was working well for both solution and 
soil, the observations continued for a long time. Every two weeks during the study, freshly 
grown SRBs were introduced in the culture medium and the soil test set-up by replacing the 
older solution and soil medium up to 6 months of observations, as the process of replacing 
the older culture medium with fresh medium while having specimens under observation has 
been reported by previous researchers to cause noticeable corrosion (Javed et al. 2015).  
 
Figure 4.23 Bacterial attachment on cast iron immersed in cultural medium 
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Figure 4.24 Bacterial and soil particles attachment on cast iron specimens 
Corrosion visual observations 
After 180 and 365 days of corrosion, the specimens were removed from the test containers 
containing soil contaminated with SRB. A photograph of one of the specimens in the test 
container with a biofilm on it is shown in Figure 4.25. This figure shows that the specimen 
has a very thick black-coloured biofilm on its surface. After removing the specimens from 
the test container, the biofilm and the corrosion products were collected for further analysis. 
After 180 days of corrosion, specimens were removed from the soil and culture media 
containing SRB, and biofilm inspection was performed, and the corrosion product swere 
removed and collected after being disinfected with ethanol and virkon. Specimens were then 
cleaned in Clark’s solution following the procedure explained in Chapter 3. Owing to the 
thick biofilm and the soil particles attached to the specimens, they were cleaned in distilled 
water and virkon, a common disinfectant, for several hours in a sonicator to completely 
remove the biofilm and the soil particles attached to the specimens. However, even after 
ultrasonic cleaning, the soil particles were found to be still attached to the specimens, which 
were further cleaned by brushing. Visual inspections of the specimens after removing rust 
were undertaken to observe the intensity of corrosion, and pit distribution and density. 
Photographs of specimens after rust removal are shown in Figure 4.26.  
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Figure 4.25 Specimens in soil and culture medium simulating external corrosion by SRB 
Visual inspection of corroded specimens after the removal of the biofilm and rust, as shown 
in Figure 4.26, indicated that they had substantial corrosion in the form of pitting. The 
specimens removed from soil after 180 days of corrosion showed heavy pitting in the form 
of uniformly-distributed small and random-distributed large individual pits over a wide area 
(Figure 4.26(a)). This suggests that the corrosion was mostly localized in these specimens 
with different pit areas and depths, and almost the entire specimen seems to be corroded in 
soil by the action of bacteria. On the other hand, the specimens in culture medium showed 
wide corroded patches (Figure 4.26 (b)), and some areas do not seem to be corroded at all. 
This indicates that specimens suspended or immersed in the culture medium were affected 
by large colonies of the bacteria attached to the preferred locations and this contributed to 
the localized corrosion of wider areas of the specimen’s exposed surface. This important 
observation also explains the reason for blowout failure of cast iron pipes in the field, where 
a large chunk of the pipe suddenly blows out due to corrosion. A comparison of the MIC in 
soil and culture medium is shown in Figure 4.26 (c).  
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(c) Comparison of MIC in soil and culture medium 
Figure 4.26 MIC of specimens in soil and culture medium after 180 days  
 
a) MIC in soil 
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b) MIC in culture medium 
Figure 4.27 MIC of specimens in soil and culture medium after 365 days 
The specimens were removed from the test containers after one year i.e., 365 days of 
corrosion. They were cleaned following the same procedure as that adopted earlier (180 
days) for the same specimens. Photos after 365 days of corrosion in soil and culture medium 
are shown in Figure 4.27. The image of the corroded specimen after 365 days in soil 
indicates that it was severely corroded, as large pitted areas can be seen (Figure 4.27(a)). In 
this photograph, it appears that large numbers of pits are deep and wide and some are small 
and uniformly distributed at the edges of the specimen. The deep and wide pits are due to the 
attachment of large colonies of bacteria (Javed et al. 2016; 2017), as explained earlier. On 
the other hand, the specimen removed from the culture medium does not show heavy 
corrosion, but may show uniform corrosion, and only a small portion of the specimen reveals 
uniform pitting. This small portion cut from the specimen after testing and analysis, 
indicates uniform pitting, as shown in Figure 4.27 (b). 
Long-term corrosion rates in soil and culture medium 
After the visual inspection, measurements of corrosion severity in terms of the corrosion 
rates of the specimens calculated from mass loss were determined after 180 and 365 days of 
corrosion. The corrosion rates of the specimens were found to be 0.1200 mm/year after 180 
days of corrosion in soil of pH 8 contaminated with SRB (Figure 4.28). The corrosion rates 
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increased and were found to be 0.3100 mm/year after one year (365 days) of corrosion. The 
corrosion rates obtained from the specimens in soil after one year of corrosion were very 
high. Similar and higher rates have been reported by researchers for various species of SRB 
(Enning and Garrelfs 2014). They have explained them in relation to the mechanisms 
involved in high corrosion rates due to SRB, which are explained below.  
 
Figure 4.28 Comparison of corrosion rates of specimens in different media containing SRB 
Consider Figure 4.29 from the comprehensive review of corrosion of iron by SRB (Enning 
and Garrelfs 2014), in which biotic and abiotic reactions are illustrated. The authors pointed 
that the abiotic reactions are slower than the biotic reactions, as shown in Figure 4.30. 
According to the researchers, there are two processes i.e., electrical microbially-influenced 
corrosion (EMIC) or chemical microbially- influenced corrosion (CMIC) by which SRB 
attack ferrous metals. They illustrated these processes by providing the reactions in their 
review, which are provided below. These chemical reactions may occur simultaneously on 
metal surfaces; however, the reactivity and corresponding corrosion induced by these 
processes may differ. Consider reaction 4.5, labelled as (A) in Figure 4.29, which illustrates 
the reaction by which SRB withdraws electrons from the iron of the metal via 
electroconductive iron sulfides (EMIC). In reaction 4.6 label-ed as B, biologically-produced 
hydrogen sulfide reacts with metallic iron. As a result, FeS forms and H2 is released. 
Reaction 4.7 (C) again shows hydrogen sulfide reacting with metallic iron and the CMIC 
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governs this reaction. Reaction 4.8 (D) represents the sulfide stress cracking (SSC) of ferrous 
metal due to biogenic H2S. Reaction 4.9 (E) shows that the catalytic iron sulfides produced 
by SRB may speed up the reduction of H ions to H2. Reaction 4.10 (F) is a slow reduction of 
H ions to H2 on iron surfaces according to the authors. Reaction 4.11 (G) represents the 
consumption of H2 by SRB from reaction E or F; it is a slow process. The researchers further 
stated that the process of CMIC depends on the presence of biodegradable organic matter 
(carbon with the oxidation state of zero, CH2O, is shown as organic matter in Figure 4.29). 
 
Figure 4.29 Schematic illustration of different types of iron corrosion by sulfate-reducing 
bacteria (SRB) at circum-neutral pH (Enning and Garrelfs 2014) 
The corrosive reactions explained by Enning and Garrelfs (2014) are as follows. 
Electrical Microbially- Influenced Corrosion (EMIC): 
A) 4Fe0 + SO42-+ 3HCO3- + 5H+              FeS +3FeCO3 +4H2O                                         (4.5)                       
Chemical Microbially- Influenced Corrosion (CMIC): 
B) H2S + Fe0              H2+FeS                                                                                                (4.6)                       
C) 2Fe0 + 2SO42-+ 3 <CH2O> + H          3HCO3- + 2FeS + 2H2O                                  (4.7)           
Sulfide Stress Cracking (SSC): 
D) 2 Habs H2                                                                                                                                                                         (4.8) 
Abiotic: 
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E) Fe0 + 2H +          Fe S Fe2+ + H2                                                                                     (4.9) 
F) Fe0 + 2H +            Fe2+ + H2                                                                                                                                     (4.10) 
G) Same as A, but slower                                                                                               (4.11) 
The corrosion rates of unprotected steel in permanently anoxic environments are reported to 
be in the range from 0.2 to 0.4 mm/year (Enning 2012 and Jack 2002). Enning and Garrelfs 
(2014) explained the reason for high corrosion rates. Moreover, corrosion rates as high as 0.4 
mm/year have been reported in anoxic sulfidogenic cultures of SRB cultured with organic 
substrates (Hubert 2005; Bell and Lim 1981). However, it has also been reported in the 
literature that when CMIC takes place, the formation of protective deposits of FeS occurs on 
the specimens, which causes the rates to decline (Cord-Ruwisch 2000; Beech et al.1994; 
Gaylarde 1992; Booth 1964). EMIC (see  Figure 4.29, reaction A) has been reported to cause 
corrosion of metallic iron even if there are no electron donors. The above discussion 
suggests that the high corrosion rates obtained in the present research are not unusual, and 
other researchers have experienced rates as high or even higher, and explained mechanism 
for them. The main mechanism seems to be CMIC, which results in the formation of FeS 
(reaction 4.6), but it may be EMIC, which results in the progressive increase of corrosion 
rates from 0.12 to 0.287 mm/year, or it may be the combination of both the CMIC and EMIC 
processes. This result also suggests that the growth of bacteria is preferred in soil which 
resulted in high corrosion rates of cast iron. Moreover, this high corrosion rates can also be 
due to the carbonates, nitrates and corrosive elemens along with the presence of bacteria. 
The corrosion rates of specimens suspended in the pure culture medium with SRB were also 
measured over the long term in order to compare them with the rates obtained for specimens 
in soil. A corrosion rate of 0.1774 mm/year was obtained for the specimen in culture 
medium after 180 days, which dropped slightly after 365 days to 0.1040 mm/year (Figure 
4.28). The decrease in corrosion rates may be due to the development of protective FeS, 
which prevented or minimized the rise in corrosion rates, as explained earlier (Enning and 
Garrelfs 2014, Cord-Ruwisch 2000; Beech et al.1994; Gaylarde 1992; Booth 1964). The 
other reason could be the decline or complete stop in the growth of the bacteria, as a result 
moderate corrosion rates were obtained in culture media. 
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A comparison of corrosion rates of specimens in soil and culture medium both contaminated 
with SRB (refer to Figure 4.28) indicates  that the corrosion rates of the specimens in both 
media showed similar corrosion rates till 180 days. However, the specimens in soil showed a 
rise in corrosion rates while the specimens in culture medium experienced the reverse. This 
result is in line with literature which suggests that same bacterial specie sometimes 
accelerates corrosion and sometimes inhibits in different culture media (Javed et al. 2014, 
Videla and Herrera 2009, Rodin et al. 2005, Obuekwe et al. 1987). 
4.5.2 Comparison of corrosion caused by soil acidity and SRB 
It is interesting to compare the long-term corrosion rates of cast iron specimens in soil of 
varying acidity and in the presence of SRB in alkaline soil to observe the severity of 
corrosion caused by various factors in soils. The comparison will enable, the most important 
factor in the corrosion of buried cast iron pipes in soil to be selected, which in turn will help 
in the development of predictive models and measures to prevent the corrosion of cast iron 
pipes. Therefore, the results obtained for the coupled effect of varying acidity and saturation, 
and the MIC-induced corrosion rates were compared. The results are plotted in Figure 4.30. 
In Figure 4.30, the corrosion rates of specimens after 180 days in natural dried, various 
acidic soils, and alkaline soil containing SRB are shown. The highly acidic soil of 2.5 pH 
caused the highest corrosion rate of 0.1370 mm/year, which was higher than the MIC-
induced rate after 180 days. The corrosion rates of the specimens in natural autoclaved dried 
soil are very low. For this reason they are not mentioned in the text, but are shown in Figure 
4.30. However, after one year the corrosion rates of specimens in highly acidic soils 
decreased, while the corrosion rates of specimens in soil containing SRB increased to 2.74 
times higher than those for highly acidic soil conditions, indicating that for the corrosion of 
buried pipes, the presence of SRB is the most influential factor in the soil. In the light of 
these results, it is suggested that for pipelines buried in alkaline soil where the presence of 
SRB is highly likely, monitoring and inspection is necessary by corrosion consultants 
working for the asset managers and owners.   
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Figure 4.30 Comparison of corrosion of cast iron in soil caused by acidity and SRB 
4.5.3 Maximum pit depth due to bacteria 
Visual observations of specimens showed that they were severely corroded in the form of 
localized pitting, which in some specimens was uniformly distributed, while in some 
specimens random pits were observed, and in some specimens pits in the form of patch 
corrosion were observed. The maximum pit depth is a key measurement for determining the 
remaining service of buried pipes, especially that of cast iron pipes. Considering the 
significance of pit depth for the life of buried pipes, the maximum pit depths of specimens 
exposed to SRB were measured. The maximum pit depth and its topography were measured 
using a 3-D profilometer. The procedure for the measurement was the same as that adopted 
previously for other experiments without bacteria, as described in Section 3.3.4 of Chapter 3. 
First, the various specimens removed from soil contaminated with SRB and from culture 
medium were visually checked for the deepest pits. They were ethen marked with a dotted 
red- coloured circle, as shown in Figures 4.26 and 4.27, indicating the area where the pits 
were to be measured and topography profiles were created using the 3-D profilometer. 
The maximum pit depth of the specimens due to MIC in soil after 180 days was found to be 
0.287 mm indicating the severe localized reaction of the SRB. The maximum pit depth and 
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the 3-D topography of the surrounding pitted area are shown in Figure 4.31. The maximum 
pit depth was 3 % of the thickness of the specimens, indicating that after a very short span of 
half a year, SRB can cause a noticeable reduction in thickness, considering that pipes can 
survive for more than 120 years (Dafter 2014). This result is consistent with previous results 
obtained by researchers who reported the loss of 0.4-0.9 mm/year of steel due to the action 
of SRB (Enning and Garrelfs 2014). The reason for the high corrosion rates and the high 
maximum pit depth may be CMIC or EMIC or the combined action of both mechanisms, as 
explained earlier.  
The maximum pit depth further increased after one year of corrosion, and it was found to be 
nearly 0.4 mm, as shown in Figure 4.32. This result indicates that the pit depth increased 
from the 180th day, indicating highly localized corrosion severity after one year. This result 
is consistent with previous research for the reasons explained earlier. The maximum pit 
depth after 365 days corresponds to 4 % of the thickness, indicating the alarming situation 
that can be caused by SRB in a favourable environment that will result in reducing the 
service life of buried pipes. 
 
Figure 4.31 3-D topography of pitted area with maximum depth of specimens in soil with 
SRB after 180 days 
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Figure 4.32 3-D topography of pitted area with maximum depth of specimens in soil with 
SRB after 365 days 
The maximum pit depth of the specimens in culture medium was also measured in order to 
determine the severity of corrosion caused by SRB in soil and in culture medium. The 
maximum pit depth of 0.037 mm was obtained for a specimen suspended or immersed in the 
culture medium for 180 days (Figure 4.33). This rate appears to be relatively small compared 
with the corrosion rates in soil (0.112 mm/year). A possible reason for this measurement 
could be the uniform corrosion, which reduced the overall section and then some of the areas 
were found pitted. Therefore, the maximum depth may be the sum of the uniform corrosion 
rate plus the measured pit depth (i.e., 0.152 mm). 
 
Figure 4.33 3-D topography of pitted area with maximum pit depth of specimens in culture 
medium with SRB after 180 days 
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The maximum pit depth of the same specimen after 365 days was 0.0559 mm, again if 
uniform corrosion is added to this depth result in deeper pit. The measured pit depth after 
365 days of corrosion is shown in Figure 4.34.  
 
Figure 4.34 3-D topography of pitted area with maximum pit depth of specimens in culture 
medium with SRB after 365 days 
4.5.4 Elemental analysis of corrosion in soil and culture medium 
Soil is rich in the minerals and nutrition required by the SRB species present in the soil, and 
these nutrients provide the best environment for the growth and the corresponding corrosion 
of buried pipes by the bacteria in soil such as SRB. Moreover, the presence of corrosive 
elements of the soil coupled with bacterial action can cause high corrosion rates in soil. This 
section reports the results of the element analysis of the corrosion products obtained from the 
test specimens in soil and culture medium.  
In order to compare the corrosion products obtained from specimens in soil and culture 
medium, the rust and biofilm were removed from the specimens after one year of corrosion. 
The rust was subjected to element analysis using XRF to determine the change in the 
elements of the corrosion products, and assist in finding the reasons for the high corrosion 
rates of specimens in soil compared to the culture medium. A comparison of the key 
elements obtained from the corrosion products of the specimens in soil and culture medium 
is presented in Table 4.3. 
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The XRF analysis showed significant differences in the elements of the corrosion found in 
the specimens from two different media. Because soil is rich in minerals, greater quantities 
of Mg, Al, Si, K were found in specimens along with the high content of Cl from soil than 
those in the culture medium. In Table 4.3 below, CM represents culture medium. 
The quantities of Fe and S were found to be higher for specimens in culture medium than 
those in soil. The values were 63 and 11.91 % for Fe and S in culture medium compared to 
24.41 and 0.15 % in soil, respectively. The research literature suggests that FeS provides the 
corrosion protection due to CMIC (Enning and Garrelfs 2014, Cord-Ruwisch 2000; Beech et 
al.1994; Gaylarde 1992; Booth 1964). However, it is also worthy to mention here that some 
studies support the formation of FeS as corrosion product accelerates the corrosion process 
because of its structure and morphology (Videla et al. 2005, Li et al. 2000, Lee and 
Characklis 1993). Therefore, as explained earlier, the soil’s corrosive components and 
difference of culture media could be the other reasons of high corrosion rates in soil as 
compared to culture medium. 
Table 4.3 Elements of corrosion products in soil and culture medium in % 
  Mg Al Si P S K Ca Cr Mn Fe Cu Cl O 
Soil 0.94 17.53 46.12 1.16 0.15 6.97 0.86 0.04 0.11 24.41 0.02 0.09 - 
CM 1.60 4.12 0.25 1.00 11.91 0.05 2.40 0.03 0.46 63.00 0.14 0.05 16.40 
 
4.6 SUMMARY  
This chapter has presented the results and analysis of the comprehensive test program 
conducted to evaluate the external corrosion of cast iron pipes. The coupled effect of varying 
acidity measured as pH and varying saturation measured as moisture content on the external 
corrosion of cast iron specimens was investigated in depth. The results indicate that the 
coupled effect of high acidity and high saturation is severe at the beginning. However, as 
time progresses, low acidity and high saturation make a significant contribution to maximum 
deterioration due to corrosion, since the maximum pit depth was measured in soil of low 
acidity (5 pH) and high saturation of 80 %. The corrosion rates by mass loss and corrosion 
current measured by LPR both were presented in this chapter, the reason being most of the 
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times LPR measurements are conducted in the field, as the physical mass loss measurements 
are almost impossible to be executed on field. Further, a correlation between corrosion rates 
(obtained from the mass loss) and the maximum pit depth was developed based on the 
findings of the research. The correlation (R square) of the empirical relation between 
maximum corrosion depth and corrosion rate was found to be 0.996. 
The different corrosion products developed on the exposed surface of the specimens in 
different soil environments were also investigated. The influence of corrosion on the 
microstructure and metallurgy causing changes in the elemental composition and ferrite 
phase was investigated and discussed in detail. The results showed a significant decrease in 
ferrite content as time passed in the accelerated corrosion environment. Moreover, there was 
a reduction in the key chemical constituents of the specimens over time. 
Furthermore, the results and analysis of long-term microbiologically-induced corrosion 
suggest that the corrosion rates of cast iron specimens in soil caused by SRB are 2.54 times 
more severe than the corrosion rates obtained in highly acidic soils, indicating bacteria are 
the most influential factor controlling the external corrosion of pipes in soils.  
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CHAPTER 5 CORROSION OF METAL PIPES IN SIMULATED SOIL 
SOLUTION 
5.1 INTRODUCTION 
This chapter presents the results and analysis of experiments conducted using simulated soil 
solutions on three types of metals: cast iron, being the major type, mild steel, and a selected 
batch of ductile iron specimens, which were immersed in high acidity simulated soil 
solutions. The criteria for the selection of the parameters for each of these tests on three 
different metals are explained in Chapter 3. In this chapter, the long-term results and the 
analysis of corrosion of cast iron in simulated soil solutions developed using the key 
corrosive components of clay soil are presented. The acidity of these solutions varied, 
similar to soil conditions. The results of three acidity levels in terms of pH to which cast iron 
specimens were exposed in soil and in soil solutions are compared. The reason for the 
comparison was to observe the correlation between the corrosion of cast iron in both soil and 
simulated soil solution media. The corrosion rates of the specimens in solution were 
measured at the exact time at which the corrosion rates of the specimens removed from the 
soil were measured, in order to develop a correlation. The pH, temperature, and humidity of 
the test set-up of cast iron in simulated soil solution were also controlled to avoid any 
variation in the corrosion process due to the external environment. In addition, the corrosion 
rates and the analysis of mild steel and ductile specimens in simulated soil solutions are 
discussed and compared. Further, corrosion and the corresponding hydrogen released from 
the corrosion process in simulated soil and its relation with the corrosion rates of mild steel 
specimens are presented, along with the micro-structural and compositional variations. 
The corrosion of buried pipes has been studied by researchers using simulated soil solutions 
to avoid the complexity and heterogeneity of soil. However, corrosion studies of pipes in 
simulated soil solutions are not representative of the actual underground soil environment, 
although an indication of the corrosion behaviour of pipes can be obtained by using them. 
The development of a correlation between the corrosion rates of cast iron in soil and in 
simulated soil solution in this study is believed to be the first step, and it can be considered 
as a contribution to the field of underground corrosion of pipes. It is expected that by 
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developing a correlation between corrosion in soil and simulated soil solution the prediction 
of corrosion of pipes will be more convenient and easy for researchers, as the heterogeneity 
of soil can be overcome. Based on the composition of any soil, the corrosion of pipes can be 
predicted by using a correlation model, enabling the replacement of existing external 
corrosion models for soils. Studies such as those conducted in the present research will not 
only help in the development of standards and procedures for future research, but will also 
facilitate the development of repair and maintenance strategies for owners and asset 
managers. 
5.2 CORROSION OF CAST IRON IN SIMULATED SOIL SOLUTION 
This section begins with the monitoring of the environmental parameters which were kept 
uniform for the simulated soil solution tests. Next, the results and analysis of corrosion tests 
performed on cast iron immersed in simulated soil solution are presented. The simulated soil 
solution was developed by taking the key corrosive components of real soil, as discussed in 
Chapter 3, Section 3.4. Corrosion measurements performed on cast iron specimens 
immersed in simulated soil solution of varying acidity (pH 5, 3.5 and 2.5) for 12 months are 
presented in this section. The three pHs were selected to compare the corrosion results of the 
same specimens in soil at the designated time. The results of the comparison are presented in 
this section. Moreover, the difference in the corrosion products formed on the cast iron 
specimens in soil and simulated soil solution media, and the variation of the compositional 
changes on the exterior surface in these specimens in both media are explained in detail.  
5.2.1 Control of environmental parameters 
The monitoring of the key parameters such as pH and temperature was also performed for 
the three tests of the simulated soil solutions, similar to the test batches of real soil in which 
cast iron specimens were buried. Every two weeks, the pH of the test batches of simulated 
soil solution was checked manually and adjusted by adding HCl if any variation from the 
target pH was seen in any of the three test batches. The temperature was also monitored and 
kept uniform for the entire duration of the test. The reasons for keeping the temperature 
uniform for the duration of testing were explained in Chapter 4 Section 4.2.1. 
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The pHs of the different solutions were plotted against the time after adjusting the pH for the 
duration of 365 days (Figure 5.1(a)). The ambient temperature and the temperature of the 
simulated soil solution were fairly uniform and close to each other, as can be seen in Figure 
5.1 (b). Note that only the temperature monitoring of test 1 is shown in Figure 5.1 (b), as all 
the other tests were at the same temperature. 
 
Figure 5.1 Monitoring of environmental parameters of test 
5.2.2 Corrosion rates 
Mass loss measurements were taken using Clark’s method following ASTM G1-03 (2014) 
as described in Chapter 3. After 180 and 365 days of corrosion, three specimens from each 
of 2.5, 3.5 and 5 pH simulated solutions were removed and mass loss measurements were 
taken. The mass losses were converted to corrosion rates according to ASTM G1-03 (2014). 
The corrosion results obtained from the specimens in three different simulated soil solutions 
of varying pH are shown in Figure 5.2. In this figure, it can be seen that after 180 days, the 
specimens immersed in high acidity solution of 2.5 pH were seriously corroded with a 
maximum mass loss and corresponding corrosion rate of 0.117 mm/year. The corrosion rates 
of the specimens immersed in comparatively low acidity solutions of 3.5 and 5 pH were 
0.087 and 0.086 mm/year respectively after 180 days of corrosion. These corrosion rates 
were found to be pH-dependent, as the lowest pH, (2.5) caused more corrosion while the 
rates attained for the specimens immersed in high pH media, (i.e., 3.5 and 5 pH (low acidity) 
175 
 
solutions were comparatively low from 2.5 pH. Figure 5.2 shows the corrosion trend of 2.5 
pH> 3.5 pH> 5 pH at 180 days of corrosion.   
 
Figure 5.2 Corrosion rates of cast iron specimens immersed in various simulated soil 
solutions 
The results after six months of corrosion are consistent with those in previous studies in 
which researchers used different simulated soil solutions with varying pH and found that the 
lowest pH caused the highest corrosion rates of ferrous metals (Hou et al., 2016; Wu et al., 
2010).  
However, after 365 days of corrosion, a different corrosion trend was found. The corrosion 
rates of specimens in simulated soil solution of 2.5 pH declined from 0.117 mm/year to 
0.096 mm/year, as shown in Figure 5.2. This was due to the development of corrosion 
products on the specimens, which hindered the access of oxygen and water to the exposed 
surface of the specimens resulting in the decline of corrosion rates. In contrast, the corrosion 
rates of specimens in a solution of 3.5 pH remained stable at 0.087 mm/year after one year. 
The corrosion rates of specimens immersed in solution of 5 pH increased from 0.086 to 
0.109 mm/year at 365 days. The reason for this rise in corrosion rates was probably the low 
acidity, i.e., the high pH of the solution, due to which the rust layers were not fully 
developed initially and corrosion rates therefore continued to rise to the 365th day. This 
result may be of practical significance, as it suggests that if the soil has low acidity, the long-
term corrosion rates will be higher compared with high acidity conditions, i.e., low pH soil. 
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5.2.3 Comparison of corrosion rates of cast iron in soil and simulated soil 
solution  
The purpose of doing corrosion tests in simulated soil solution was to compare the corrosion 
rates of cast iron in soil with those of specimens in simulated soil solution. This section 
presents the comparison of the corrosion of cast iron in soils of varying saturation and 
simulated soil solution. A comparison was made of soils  with low and high saturation and 
simulated soil solutions with the same acidity levels.  
Comparison with soils of high saturation 
The corrosion rates of specimens immersed in simulated soil solutions were compared with 
those of specimens buried in highly saturated soils with similar pHs. Figure 5.3 shows a 
comparison of the corrosion of cast iron buried in clay soil with 80 % saturation with that of 
specimens immersed in simulated soil solutions with the same acidities. In this figure, the 
dotted lines are the corrosion rates of specimens in simulated soil solutions. The results 
indicate that the corrosion rates of cast iron in soils were slightly higher compared with those 
in simulated soil at 180 and 365 days. The corrosion rates in the soil of high acidity i.e., 2.5 
pH, were 15 % higher than those in the solution at 180 days, while the corrosion rates of 
specimens in the same soils of relatively low acidies (i.e., 3.5 and 5 pH) were about 15 and 
8% higher respectively than those in the soil solution at 180 days..  
Similarly, the corrosion rates at the 365th day were about 17, 26 and 14 % higher in soils of 
2.5, 3.5 and 5 pH respectively than in solutions of the same pHs. Based on this comparison, 
it is evident that the corrosion rates of specimens in soil are higher than those in solution 
even at day 365. The corrosion rates of specimens decreased in the soil and the simulated 
soil solution of 2.5 and 3.5 pH after 180 days of corrosion, but not in the 5 pH simulated soil 
solution, as shown in Figure 5.3. In Figure 5.3 “S” indicates the saturation levels of soil. 
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
Figure 5.3 Comparison of corrosion of cast iron in soil of 80 % saturation and soil solution 
The reason for the high corrosion rates in soil compared with the simulated soil solutions 
may be that he porous structure of the soil allows more diffusion of oxygen into the pores, 
resulting in the high corrosion rates compared with the solution with less dissolved oxygen. 
In addition, Davis (2000) showed that the presence of oxygen is a critical factor in the 
corrosion of metals (oxidation process) which takes place along with moisture (reduction 
process). 
Comparison with soils of low saturation 
The corrosion rates of specimens in soils of low saturation (i.e., 40 %) were also compared 
with those for simulated soil solutions of the same acidity. This comparison is shown in 
Figure 5.4. In Figure 5.4 it is evident that the corrosion rates of the specimens in the high 
acidity soil of low saturation are higher than those in simulated soil solution of 2.5 pH at 180 
and 365 days. On the other hand, the corrosion rates of specimens in soil of high acidity (5 
pH) with low saturation (40%) are lower than the corrosion rates in solution at 180 and 365 
days, as shown in Figure 5.4. 
The corrosion rates in soil of high acidity with low saturation were found to be 15.20 and 21 
% greater than the corrosion rates obtained for specimens immersed in the same acidic 
solution at the 180 and 365th day. The reason for the higher rates in the soil of low saturation 
may be the ease of oxygen diffusion to the pores of the soil, allowing the corrosion rates to 
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rise. In contrast, in soil solution the diffusion of oxygen is comparatively low compared with 
that in soil   (Neira et al. 2015), hence lower corrosion rates in soil solution were obtained. 
On the other hand, the corrosion rates in a solution of low acidity (i.e., 5 pH) were higher 
compared with those for the same pH soil with low saturation at 180 and 365 days. The 
corrosion rates were 13.13 and 26.74 % higher than those in soil of 5 pH at the 180 and 365th 
day, respectively. The reason for the low corrosion rates in soil of low acidity (5 pH) with 
low saturation (40 %) compared with those in soil solution of the same acidity may be less 
moisture in the soil along with higher pH, which did not induce significant corrosion rates in 
the specimens. 
 
Figure 5.4 Comparison of corrosion of cast iron in soil of 40 % saturation and soil solution 
In summary, the short- and long-term corrosion rates of cast iron obtained in soil solution are 
less than those in real soil with the same acidity, provided the soil is highly saturated. In the 
case of low saturated soils, the corrosion rates obtained may be lower than those for soil 
solutions with the same acidities, as experienced in the present research.  
5.2.4 Micro-structural analysis 
This section reports the results of the micro-structural analysis of cast iron specimens that 
were immersed in simulated soil solutions of varying pH. The micro-structural analysis 
presented in this section includes the analysis of the corrosion products formed on the 
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various specimens, and the changes in the composition of the specimens due to corrosion in 
simulated soil solutions. 
Analysis of corrosion products 
After removing specimens from the test containers of simulated soil solution at the 
designated time, visual observations of the specimens were carried out. Based on visual 
examination, the colour of the corrosion products on all the specimens was found to be the 
same, as shown in Figure 5.5. Some of the corrosion products from each of these specimens 
were collected for XRD analysis. The procedure for carrying out XRD analysis has already 
been discussed in Chapter 3, Section 3.5.1. The results of the XRD analysis of specimens are 
shown in Figure 5.6.   
 
Figure 5.5 Photographs of specimens removed from various solutions 
The XRD pattern of corrosion products from soil solutions of 2.5, 3.5, and 5 pH indicates the 
major contribution of lepidocrocite (Ȗ-FeOOH), while, quantities of iron hydroxide Fe(OH)2 
(Figure 5.6(b)) from 3.5 pH solution and goethite (Į-FeOOH) (Figure 5.6(c)) were observed 
in specimens immersed in 5 pH soil solutions. Moreover, the colours of the corrosion 
products on all the specimens from all three pH environments were found to be same, as 
shown in Figure 5.6. This also indicates that the significant corrosion product is one 
compound i.e., lepidocrocite being 100%, 86.12 % and 93 % in the 2.5, 3.5 and 5 pH 
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simulated soil solution, respectively. These are semi-quantitative percentages from XRD 
analysis. The other corrosion products are goethite and iron hydrogen oxide (the peaks of 
which coincide with lepidocrocite). Similar compounds were also found from the specimens 
corroded in soil, but due to the adherence of soil particles only traces of them were detected 
by XRD.  
 
 
 
 
 
 
 
a)  From 2.5pH solution 
 
 
 
 
 
 
 
b) From 3.5pH solution 
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c) From 5pH solution 
Figure 5.6 XRD analyses of specimens from various soil solutions 
Elemental change due to corrosion  
At the end of 180 and 365 days, the specimens were removed from their respective 
simulated soil solutions. After cleaning, mass loss measurements and fracture toughness 
measurements were taken (discussed in Chapter 3). The element composition of the exterior 
surface (corroded) of the specimens was determined, the purpose being to observe the 
influence of corrosion on the composition of the specimens. The elemental composition was 
determined out using XRF. The procedure of the XRF analysis has been presented in detail 
in Chapter 3 Section 3.5.2.  
 Figure 5.7(a) shows that there is a reduction in Fe with time in all the specimens immersed 
in simulated soil solutions. The percentage content of Fe in the un-corroded specimen was 
determined to be 80.44 %, which reduced in all the specimens of different soil solutions after 
180 and 365 days. The highest reduction of Fe was measured for the specimen buried in the 
soil solution of high acidity (i.e., 2.5 pH). The Fe was reduced to 56.89 and 42.307 % from 
80.4 % after 180 and 365 days of corrosion respectively for this specimen. The reduction in 
Fe in specimens of comparatively low acidities (i.e., 3.5 and 5 pH ) was nearly the same after 
180 and 365 days. The Fe content of 61.015 and 50.39 % for a specimen in 3.5 pH was 
obtained after 180 and 365 days while the reduction of Fe in 5 pH solution was 62.15 and 
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49.01 % after 180 and 365 days respectively. It can be inferred from this result that the 
specimen with the high acidity (i.e., the lowest pH) suffered the greatest reduction in Fe in 
simulated soil solution. 
 
a) Iron 
Oxygen content was observed to increase on the exterior exposed surface as the corrosion of 
specimens progressed. The oxygen percentage increased successively with the increase in 
time, indicating oxygen diffusion or the formation of a layer beneath the surface of the 
various specimens, as shown in Figure 5.7 (b). The initial oxygen content in the exterior 
surface of the un-corroded specimen was found to be 1.92 % using XRF. The oxygen 
percentage increased to 26.719 and 36.024 % after 180 and 365 days respectively in 
specimens immersed in 5pH solution. In contrast in the solution of 2.5 pH, the oxygen 
content of the specimens were 30.24 and 33.86 % respectively at 180 and 365 days. The 
oxygen content of the specimens in 2.5 pH solution was found to be lower than that of the 
specimen in 5 pH after 365 days. A possible reason could be the development of corrosion 
products in low pH which did not let more oxygen diffusion while in specimen of high pH 
solution oxygen diffusion continued resulting higher oxygen content after 365 days. The 
oxygen content of specimens in soil solution of 3.5 pH was found to be 30.01% and 32.12 % 
after 180 and 365 days respectively.  
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b) Oxygen 
In the current research, variation in the silicon content of the various cast iron specimens was 
found (see Figure 5.7 (c)). The initial silicon content in un-corroded specimens was found to 
be 1.98 %, which increased to 6.683 % after 180 days and then dropped to 2.84 % after 365 
days in a specimen in the 2.5 pH solution. This increase and decrease of silicon content in 
this specimen could be due to defects in the material composition of the specimen making it 
different from the standard. Aletrnatively, it may be due to the reaction of the soil solution 
with the exterior surface of the porous cast iron specimen which allowed the entry of silicon 
into the metal surface. The areas with varying porosity levels gave rise to different silicon 
content in this corroded specimen. Similar results were obtained for specimens in 5 pH 
solution. The silicon content increased to 4.483 % after 180 days, and then dropped slightly 
to 4.09 % after 365 days, possibly for the same reasons as explained earlier. On the other 
hand, the silicon content of the specimen in 3.5 pH solution was raised to 5.304 % and then 
dropped to 2.11 % after 180 and 365 days respectively. This was possibly due to a 
manufacturing fault or the reaction of the specimen with the contents of the simulated soil 
solution, which caused a silicon deficiency from the original content. 
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(c) Silicon 
After conducting XRF analysis of the various specimens, it was found that the chloride 
content on the exterior surface of various specimens increased from the initial value of 
0.05%, obtained from an un-corroded specimen, as shown in Figure 5.7 (d). The chloride 
content of specimens in soil solution of 2.5 pH increased to 0.434 and 1.796 % on the 180 
and 365th day respectively. This was the highest chloride content obtained after 365 days of 
corrosion compared with other specimens in different environments. Similar results were 
obtained for specimens in soil of 2.5 pH. Moreover, the Fe reduction was also the highest in 
that case. These results explain why metals with severe corrosion undergo more elemental 
variation over time. The percentage chloride ingress in a specimen buried in soil solution of 
5 pH was found to be 0.277 and 0.83 % after 180 and 365 days respectively, while for a 
specimen in 3.5 pH solution, chloride content of 0.669 and 0.82 % was obtained after 180 
and 365 days respectively.  
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d) Chloride 
The inclusion of manganese in cast iron during its manufacture prevents the formation of 
FeS by forming MnS, otherwise FeS can affect the mechanical properties of cast iron 
(Bradley and Srinivasan 1990). Based on the XRF analysis, the change in Mn was very 
slight (Figure 5.7(e)). The Mn content of the un-corroded specimen was found to be 0.71%, 
which changed to 0.64, 0.78 and 0.788 % in specimens in soil solution of 2.5, 3.5 and 5 pH 
respectively after 180 days. After 365 days, the percentage of Mn was found to be 0.715, 
0.63 and 0.65 % respectively for specimens in these solutions.  
 
 
e) Manganese 
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The sulphur content was found increase in all the specimens after 180 and 365 days. The 
initial sulphur content was 0.02 %, which changed to 0.037, 0.051 and 0.057 % after 180 
days in solutions of 2.5, 3.5 and 5 pH respectively (Figure 5.7(f)). The sulphur contents were 
found to be 0.044, 0.041 and 0.058 % after 365 days in solutions with pHs of 2.5, 3.5 and 5 
respectively. This result indicates that the sulphur content of a specimen in solution of 2.5 
pH content was the highest after corrosion. As mentioned earlier, the presence of sulphur can 
be detrimental to metal, as it causes FeS formation with Fe, and may therefore cause  
reduction in the bond strength of elements. 
Chromium is carbide former and can result in a reduction of fracture toughness if added in 
too much quantity during the manufacturing process (Bradly and Srinivasan 2013). The 
initial chromium percentage was found to be 0.04 in the un-corroded specimen while after 
corrosion, the chromium percentage was found to increase in all specimens in various 
corrosive solutions after 180 days (Figure 5.7(g)). Chromium content was found to be 0.084, 
0.08 and 0.077 % in 2.5, 3.5 and 5 pH after 180 days, while after 365 days the percentages 
were 0.068, 0.04 and 0.079 respectively in these solutions. This result suggests a decrease in 
the chromium content of specimens in 2.5 and 3.5 pH solutions and stability in the 
chromium content of specimens in 5 pH solution after one year of corrosion. 
 
f) Sulphur 
The magnesium content of specimens in soil solutions was also determined at 180 and 365 
days. The magnesium content of a specimen in 2.5 pH was 0.073 and 0.22 % after 180 and 
365 days respectively (Figure 5.7(e)). The magnesium content in specimens of 3.5 and 5 pH 
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were 0.146 and 0.089 % respectively at 180 days, while after 365 days the magnesium 
contents were 0.158 and 0.091 % respectively, indicating little change from the values at 180 
days.  
 
 
g) Chromium 
 
e) Magnesium 
Figure 5.7 Elemental changes in cast iron specimens due to corrosion in simulated soil 
solutions 
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On the basis the above discussion on the effects of corrosion, it is clear that corrosion can 
induce changes in the composition of key elements in metals over time. Moreover the results 
show that the intrusion of highly corrosive elements like chloride and oxygen can also take 
place in surfaces exposed to corrosive environments. 
5.3 CORROSION OF MILD STEEL IN SIMULATED SOIL SOLUTION 
The simulated soil solution used for experiments on cast iron specimens was also used for 
mild steel specimens. A similar procedure of coatings to that used for cast iron specimens 
was also adopted for steel specimens. Details of the experimental procedure are provided in 
Chapter 3, including the preparation of the specimens and the test variables. This section 
presents the results and analysis of the tests conducted using simulated soil solution on mild 
steel specimens. The results of corrosion rates, corrosion products and changes in the 
elemental composition due to corrosion are explained in this section.  
5.3.1 Corrosion rates 
Mild steel specimens of known composition were immersed in a simulated solution of 2.5 
pH for one year and tested for mass loss after 180 and 365 days. The test result at 180 days 
showed an average corrosion rate of 0.14 mm/year, as indicated in Figure 5.8. This corrosion 
rate was quite high considering the short duration of 180 days. Next, the the weight loss in 
gram/m2 of the specimens was calculated by dividing the mass loss (in grams) at 180 days 
by the exposed area, this was done to compare the results with those of the previous study. 
The result was almost 530 gram/m2, which was less than the previous mass loss 
measurement (almost 700 gram/m2) (Hou et al. 2016) for steel specimens immersed in 
simulated soil solution of pH 3. However, the much bigger size and the exposure of a whole 
surface of the specimens to the acidic soil solution were the differences between the present 
and the previous study. These differences may have caused more corrosion in the larger 
specimens than in the smaller specimens used in the present study. Based on this 
comparison, it is evident that corrosion rates can vary, depending on the size and area of 
exposure of the same type of metal. 
In the present research, long-term corrosion measurements were taken, which the literature 
suggests has been rarely done to date in laboratory. The maximum long-term laboratory 
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investigation conducted on ferrous metals (cast iron and steel) using simulated soil solution 
was 270 days in the open references. Hou et al. (2016) performed experiments for 270 days 
on steel and cast iron using simulated soil solution. In contrast, in the present study, the 
corrosion of mild steel was observed for 365 days in a laboratory-controlled environment, 
which indicates the comprehensiveness and novelty of the study. 
After 365 days, a corrosion rate of 0.15mm/year was obtained, indicating a slight increase in 
the corrosion rates from their 180 day value (0.14 mm/yr). The reason for the slight increase 
in corrosion rates after one year was the development of corrosion products, which may have 
hindered the access of oxygen to the specimens’ exposed surface. 
Mild steel specimens were also immersed in soil solution of low acidity (i.e., 5 pH) for one 
year to observe the long-term effect of varying acidity in terms of pH on the corrosion of 
mild steel specimens. The corrosion rates of the specimens in 5 pH solution were found to be 
0.08mm/year after 180 days, as shown in Figure 5.8. The corrosion rates were less than the 
corrosion rates obtained for 2.5 pH solution at this time, indicating that high acidity plays a 
significant role in inducing more corrosion of steel for 180 days. A corrosion rate of 0.1 
mm/yr was obtained for specimens in 5 pH solution after one year, indicating the rise in 
corrosion rates with time. Again, this corrosion rate was lower than the rates obtained in 2.5 
pH solution, because of the greater corrosivity and acidity. The reason for the high corrosion 
rates in acidic environments can be explained by the following reaction: 
Fe+ 2HCl FeCl2 + H2                                                                                      (5.1)            
Fe2+ + 2H + 2Cl-                              Fe2+ + 2Cl- + H2                                                                    (5.2) 
Steel reacts with acids such as hydrochloric acid and in turns forms FeCl2. Moreover, the 
chloride plays a major role in the corrosion of steel, especially in a chloride-rich 
environment such as the acidic environment of HCl used in the present research. Chloride is 
well known for breaking the passive layer on the metal and causing corrosion to initiate 
(Davis 2006). The presence of high concentrations of H+ ions and Cl- is responsible for the 
high corrosion rates of steel obtained in this study. 
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Figure 5.8 Comparison of corrosion behaviour of mild steel in soil solutions of varying 
acidity 
The analysis of the above results indicates that the corrosion rates of mild steel specimens in 
high and low acidity simulated soil solution increased with time, although the increase is not 
steep. Moreover, the corrosion rates are acidity- or pH- dependent, which suggests that the 
higher the acidity (the lower the pH), the higher the corrosion rates of mild steel. However, 
this trend is only for one year, as it is well known that corrosion rates decline after some time 
due to the build-up of corrosion products which hinders further increase of corrosion rates, 
resulting in their stability or reduction. 
5.3.2 Micro-structural analysis 
This section reports on the corrosion products, elemental changes and phase analyses of mild 
steel specimens due to corrosion. The quantification of the corrosion products, the 
progressive elemental change with time, and the phase analysis are presented 
Analysis of corrosion products    
As discussed in the earlier section on XRD analysis, the corrosion products formed on the 
metal surface of the specimens can be evaluated with accuracy. XRD analysis was 
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
0 180 360
C
or
ro
si
on
 ra
te
 (m
m
/y
ea
r)
Time (days)
5 pH
2.5 pH
191 
 
conducted of the mild steel specimens in 2.5 and 5 pH solutions after 180 days. The results 
of the specimens in 2.5 pH solution (Figure 5.9) revealed that the corrosion products 
developed on the specimens were magnetite (Fe3O4), lepidocrocite (Ȗ-FeOOH) and goethite 
(Į-FeOOH). According to the quantitative analysis conducted using XRD, the percentage of 
magnetite contained in the corrosion product was 49 %, and the percentage of goethite was 
17 %, whereas, lepidocrocite was 34 % of the corrosion products formed on the mild steel 
specimens. 
It was interesting to determine whether the corrosion products at 365 days of corrosion were 
similar to the corrosion products obtained after 180 days. The reason for this result may be 
the thickness of the rust layer formed on the specimens which increased with time and 
prevented or minimized further corrosion. The development of corrosion products hinders 
oxygen diffusion and its transfer through the rust layer to the metal surface, resulting in an 
oxygen-limiting reaction. For this reason the cathodic reaction is also minimized, and these 
products slow the anodic reaction on the metal surface (Hou et al. 2016). 
The analysis of the corrosion products formed on the specimens in simulated soil solution of 
5 pH was also carried out. In the XRD analysis two significant compounds were found: 
lepidocrocite and goethite. The percentage of lepidocrocite was found to be 87 %, and the 
rest was goethite. The higher pH of the solution resulted in a higher percentage of 
lepidocrocite. Lepidocrocite forms in the early stage of corrosion, and it is transformed to 
goethite (reaction 5.3). Transformed magnetite (Fe2O3) was found to be 17 % of the 
corrosion product on the specimen immersed in the simulated soil solution of 5pH. The 
XRD result of the specimen in 5pH is shown in Figure 5.10. It is important to mention that 
one of the peaks remained unidentified (Figure 5.10), possibly due to contamination in the 
corrosion products or some other unknown issue. 
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Figure 5.9 XRD analysis of mild steel specimen in 2.5 pH solution 
 
Figure 5.10 XRD analysis of mild steel specimen in 5 pH solution  
Elemental change due to corrosion 
This section provides the results and analysis of the elemental changes which occurred due 
to corrosion over time in mild steel specimens immersed in simulated soil solutions of 
varying acidity. Similar to the cast iron specimens, the differences in key elements 
responsible for strength and toughness of the mild steel were determined at the designated 
times to observe any change in them with time.  
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After 180 and 365 days, the specimens were removed from their respective simulated soil 
solutions. After cleaning, mass loss and fracture toughness measurements were taken. The 
elemental composition of the exterior surface of the specimens was determined using XRF.  
According to Figure 5.11 (a), there is a reduction in Fe with time in the mild steel specimens 
immersed in simulated soil solutions. The percentage content of Fe in the un-corroded 
specimen was determined to be 98.96 %, which reduced in different soil solutions after 180 
and 365 days. The highest reduction of Fe was measured for the specimen buried in soil 
solution of 2.5 pH followed by 5 pH. The Fe content was reduced to 84.56 and 66.56 % after 
180 and 365 days in 2.5 pH solution, while in 5 pH solution Fe content of 91.19 and 81.52 % 
was obtained after 180 and 365 days, respectively. Therefore,  the specimen in the high 
acidity solution (,i.e., the lowest pH) suffered the greatest reduction in Fe. 
 
a) Change in Iron  
The oxygen content was observed to increase on the exterior exposed surface of specimens 
as the corrosion progressed. The oxygen percentage increased with the increase in time, 
indicating oxygen diffusion or the formation of an oxygen layer on the surface of the 
specimens, as shown in Figure 5.11 (b). The oxygen percentage increased to 5.58 and 15.4 
% after 180 and 365 days in specimens immersed in the 5 pH solution, while in the solution 
of 2.5 pH, the oxygen contents of the specimens were 14.56 and 25.83 % at 180 and 365 
respectively. The oxygen content of the specimen in 2.5 pH solution was higher than that of 
the specimen in 5 pH. The possible reason may be the corrosion process being accelerated in 
0
20
40
60
80
100
0 100 200 300 400
C
ha
ng
e 
of
 Ir
on
 %
Time (days)
5 pH
2.5 pH
194 
 
simulated soil solution of low pH, resulting in a rapid oxidation reaction, which possibly 
gave the higher content of oxygen in the former as compared to the latter specimen.  
 
b) Change of oxygen 
The chloride content on the exterior surface of the specimens increased, as shown in Figure 
5.11 (c). The chloride content of the specimen in soil solution of 2.5 pH increased to 0.257 
and 0.37 % on the 180 and 365th day, respectively. The chloride percentage of the specimen 
in soil solution of 5 pH was found to be 0.06 and 0.13 % after 180 and 365 days 
respectively. Chloride is an element which has the ability to breaking the passive layer on 
mild steel; its increase triggers the rise in corrosion rates with time, especially in the form of 
localized corrosion, which in turn can affect the mechanical properties of steel. 
 
c) Change of chloride 
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Manganese prevents the formation of FeS by forming MnS, otherwise FeS can affect the 
mechanical properties of steel. The Mn content of the un-corroded specimen was found to be 
0.491 %, which changed to 0.43 and 0.41 % for specimens in soil solution of 2.5 and 5 pH 
respectively after 180 days, while after 365 days, the Mn percentage was found to be 0.375 
in 2.5 and 5 pH solutions, respectively (Figure 5.11 (d)).  
 
d) Change in manganese 
 
Chromium is known to be corrosion-resistive if not in sufficient quantity may result in 
corrosion of mild steel (Uhlig h.H 2011). The initial chromium percentage was found to be 
0.08, which reduced to 0.05 % in 2.5 and 5 pH after 180 and 400 days respectively. The 
result suggests that the stability in the chromium content of specimens in 5 pH solution after 
one year of corrosion may be due to the build-up of heavy layers which prevented further 
reduction after 180 days. 
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e) Change in chromium 
5.11 Elemental composition of mild steel specimens in various solutions 
In summary, considerable compositional change occurs due to corrosion in mild steel 
specimens immersed in soils of varying acidity. Higher acidity causes more variation in the 
elements of steel compared with the lower acidity solutions.  
Phase analysis 
This section presents the results of the phase analysis of mild steel specimens, which was 
conducted in order to observe the variation of phases of mild steel due to corrosion. As from 
elements composition, the change in the elements was observed due to corrosion, therefore, 
it can be assumed that compositional change can cause phase changes in steel. In order to 
investigate this in depth, phase analysis was carried out. The procedure for phase analysis 
using EBSD is explained in Section 3.5.3 of Chapter 3.  
The phase analysis of specimens kept immersed in 2.5 and 5 pH solutions for 180 and 365 
days revealed a decrease in ferrite content and an increase in iron oxide formation in 
specimens from both solutions. The ferrite content was found to be 83.23 and 61.63 % after 
180 and 365 days in specimens immersed in 2.5 pH solution, while the iron oxide content 
increased to 12.92 and 34.59 % after 180 and 365 days, indicating the build-up of corrosion 
(Figure 5.12). Similarly, ferrite contents of 89.81 and 84.23 % and iron oxide content of 4.9 
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and 10.55 % were obtained for specimens in 5 pH solutions after 180 and 365 days 
respectively (Figure 5.13). 
These results indicate that for short- and long-term corrosion the ferrite phase of the steel 
specimens degraded with time and the iron oxide phase increased. These results also confirm 
the XRF observations, and the fact that corrosion can influence the phases of the metals. 
 
Figure 5.12 Change in phase of mild steel specimens in simulated soil solution of 2.5 pH 
 
Figure 5.13 Change in phase of mild steel specimens in simulated soil solution of 5 pH  
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From the above discussion, it appears that corrosion can influence the phases of steel as the 
ferrite content decreased and iron oxides were formed, which was also shown by XRF 
analysis.  
5.4 CORROSION OF DUCTILE IRON IN SIMULATED SOIL 
SOLUTION 
In addition to mild steel, ductile specimens were also corroded in simulated soil solution in 
order to compare the corrosion of steel and ductile iron pipes. Ductile specimens of the same 
thickness as the mild steel specimens were immersed in soil solution of 2.5 pH, selected on 
the basis of its acidity and corrosivity. Due to limited time and resources, only one pH was 
selected for the testing of ductile iron specimens. The results and analysis of the tests are 
outlined below. 
5.4.1 Corrosion rates 
After 180 days of corrosion, three of the ductile specimens were removed from the test 
container, and the corrosion rate was found to be 0.1 mm/yr, as shown in Figure 5.14. This 
corrosion rate was found to increase, i.e., 0.13 mm/yr after 365 days (Figure 5.14). A 
comparison of the corrosion rates of ductile iron and mild steel in the same environments 
and acidity was also made to observe the corrosion resistance or susceptibility to corrosion 
of these two metals. These are discussed later in this section.  
                          
 Figure 5.14 Corrosion rates of ductile iron in simulated soil solution  
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The results indicate that the corrosion of ductile iron in a highly corrosive soil environment 
is rapid, as very high corrosion rates were obtained in the short span of one year. These rates 
can influence the composition of ductile iron and it phases. These matters are discussed in 
the following paragraphs. 
5.4.2 Microstructural analysis 
This section outlines the elemental change and phase analysis of ductile specimens due to 
corrosion. Note that the corrosion product analysis of ductile iron is not presented in this 
section to avoid repetition, as the corrosion products formed on the cast iron and the mild 
steel specimens were almost the same in the simulated soil solution of 2.5 pH. 
Elemental change due to corrosion  
Like the other ferrous metals i.e., cast iron and steel used in this research, t compositional 
analysis of ductile iron specimens was conducted with the same objective of observing the 
change due to corrosion. This section reports the results and analysis of the elemental 
composition of ductile iron specimens immersed in soil solution of 2.5 pH for one year. 
After 180 and 365 days of immersion in solution of 2.5 pH, the specimens were removed 
and mass loss measurements were performed. Soon after completing the mass loss 
measurements and the calculation of corrosion rates, mechanical testing was performed. 
After the mechanical testing, the broken specimens were analyzed for the elemental 
composition of their exterior surface exposed to the corrosive soil solution. It is important to 
mention that due to the size limitation of the samples for XRF, there were some errors in the 
analysis of Fe due to the small size of the specimens which were adjusted by considering the 
literature and the actual Fe content. Moreover, the Si content was much lower than that 
provided by the supplier. Therefore, it was kept as 2.7 % along with carbon 3.7 % as it was 
not detected by the XRF in use.  
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Table 5.1 Elemental composition of ductile specimens in 2.5 pH solution  
Days  O Mg Si P S Ca Cr Mn Fe Cl C 
0 0 0.006 2.7 0.035 0.002 0.048 0.009 0.036 92.1 0 3.7 
180 10.92 0.008 2.7 0.04 0.006 0.05 0.008 0.032 79.2 0.1 3.7 
365 25.128 0.012 2.7 0.032 0.008 0.06 0.008 0.025 67.6 0.22 3.7 
 
The elemental analysis of the ductile iron, revealed that the Fe content reduced to 79.2 and 
67.6 % from its original values of 92.1 % at 180 and 365 days. The results were similar to 
those obtained for cast iron and mild steel specimens in soil solution, indicating that there is 
a change in the Fe content due to corrosion with time. Similarly, like the other ferrous metals 
used in the study, there was an increase in oxygen, with 10.92, and 25.128 % oxygen content 
being observed at 180 and 365 days respectively.  
Moreover, chloride content was found to increase with time as initially its content was not 
detected in the ucorroded ductile specimens. After 180 days of immersion in 2.5 pH 
solution, the Cl content increased to 0.1 %, and this content further increased after 365 days 
when the chloride content was found to be 0.22 %.  There was no or little change in the other 
key elements, including chromium, magnesium, manganese, and sulphur. 
Finally, from the compositional analysis obtained from various ferrous metal studied in the 
current research it is revealed that there could be a possible change in the composition due to 
the corrosive environment which may impact the mechanical properties of the metals as well 
(will be discussed in Chapter 6). 
Phase analysis 
Phase analysis of the ductile iron was also performed after one year of corrosion. However, 
due to the porosity of the ductile iron, silicon carbide was found to be very high, which was 
impossible considering the research literature, the composition provided by the manufacturer 
and the XRF analysis conducted in the present research. Therefore, it was decided to ignore 
it in the analysis and replace it with the ferrite content. The presence of silicon was due to 
the fine polishing done using colloidal silica, which resulted in the diffusion of silicon to the 
metal polished surface due to the porosity of the ductile iron.  The total ferrite content 
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obtained was 77.92 % and 18.9 % of iron oxide was found. Cementite contents of 2.83 % 
respectively was found for the one-year corroded ductile iron specimen. 
 
Figure 5.15 Phase content of ductile iron specimen after one year of corrosion  
5.4.3 Comparison of corrosion rates of ductile iron and steel 
This section compares the ductile iron and mild steel specimens. The corrosion susceptibility 
of cast iron in comparison with other ferrous metals like ductile iron has been well 
recognized (c.f., Romanoff 1964; Roza and Parkinson 1985; Pelletier et al. 2003; Berardi et 
al. 2008; Paradkar 2013). Therefore, a comparison of cast iron and ductile iron is not made 
in this thesis. In addition, the dimensions of the cast iron and ductile iron specimens used in 
the present research were different. Therefore a comparison is not justifiable and could not 
be accurate. On the other hand, there is a difference of opinion among researchers on the 
corrosion susceptibility or resistance of ductile iron and mild steel. Therefore, to investigate 
this difference, a comparison of ductile iron and steel specimens of the same thickness and 
dimensions was conducted. A comparison of the corrosion behaviour of both types of 
ferrous specimens immersed in the same acidic simulated soil solution is presented in this 
section.  
A comparison of the corrosion rates of ductile and steel showed that the corrosion rate (0.8 
mm/yr) of ductile iron was less than that for mild steel (0.14mm/yr) at 180 days under the 
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same pH conditions (2.5 pH), as shown in Figure 5.16. This suggests that ductile iron has 
more resistance to the highly acidic environment than mild steel over the short term. At 365 
days (see Figure 5.16), the corrosion rate (0.15 mm/yr) of the mild steel specimens was 
again higher than that of the ductile specimens (0.13 mm/yr), indicating the corrosion 
resistance of ductile iron in a highly acidic environment. Similar results and corrosion 
resistance behaviour of ductile iron over steel have also been reported in the research 
literature, as discussed in the following paragraph. 
The comparison of the corrosion protection of ductile iron over steel pipes has been 
performed in the US, and guidelines for corrosion protection have been developed (Gerhold 
1976). Moreover, Song et al. (2017) recently proved the susceptibility of carbon steel over 
ductile iron. Therefore, the results of the present research are consistent with previous and 
recent findings. 
 
Figure 5.16 Corrosion rates of mild steel and ductile iron in highly acidic soil solution 
(2.5pH) 
The above discussion on the corrosion behaviour of ductile iron and mild steel, indicates that 
the corrosion resistance of ductile iron is greater than that of as steel pipe. However, the cost 
of manufacturing ductile iron and its lower fracture toughness compared with mild steel may 
be the reasons for the more frequent use of mild steel in the pipe industry compared with 
ductile iron. 
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5.5 CORROSION AND CORRESPONDING HYDROGEN IN 
SIMULATED SOIL SOLUTION   
As discussed in Chapter 2, in the corrosion process hydrogen is produced, which can enter 
the metal’s crystal lattice, where it can cause degradation of grains and crystals, and crack 
formation and eventually reduce the material’s mechanical properties. The key variable in 
tests using simulated soil solution is their pH which is also the power of hydrogen ion 
concentration. This relation between corrosion and hydrogen was examined in the present 
study. The tests were conducted on mild steel as the phenomenon of hydrogen is more 
relevant, common and pronounced in steel structures, as discussed in the literature review.  
This section presents the results and analysis of tests conducted on mild steel specimens 
immersed in two types of solutions: the first type was a purely acidic HCl solution of 3M 
and 1M, and the second type was simulated soil solutions of varying acidity, i.e., 2.5 and 5 
pH for a short duration of 28 days. Both solutions had high concentration of hydrogen in 
them; hence, their selection for the desired outcomes was appropriate. The results of the tests 
include hydrogen concentration measurements using an electrochemical method, mass loss 
measurements, the relationship between corrosion rate and hydrogen, and changes in the 
elemental compositions of mild steel due to corrosion in the above four solutions at the 
designated time. The grain and phase analysis of corroded specimens is also discussed in this 
section.  
Furthermore, long-term tests on mild steel specimens immersed in simulated soil solutions 
of 2.5 and 5 pH were also performed for the duration of one year at two intervals (180 and 
365 days) of corrosion and hydrogen testing. The reasons for performing long-term testing 
was to observe the material response and corrosion mechanism in 2.5 and 5 pH same like 
other long term tests. It is important to mention here that for the long-term tests, other than 
compositional change which has already been discussed in Section 5.4.3 above, no clear 
change in grains was observed even after 365 days. The results and analysis of the long-term 
tests are also presented in this section. 
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5.5.1 Hydrogen concentration  
The first measurement after removing the specimens from the solutions was hydrogen 
concentration. Hydrogen measurements of the test specimens immersed in 3M (-0.48 pH) 
and 1M (0 pH) were carried out at periods of 7, 14 and 28 days using a Barnacle cell. The 
procedure for carrying out measurements using Barnacle cells has already been explained in 
Chapter 3, Section 3.4.3. Similarly, for specimens in 2.5 and 5 pH solutions, hydrogen 
measurements were conducted, but additional measurements on the 180th and 365th day were 
performed for long-term testing. For the sake of comparison of various solutions and 
consistency, the results of 3M and 1M (HCl) solutions are also represented in pH in Figure 
5.17.  
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b) Long term 
Figure 5.17 Hydrogen concentrations in specimens in various solutions 
The results indicate that for specimens immersed in -0.48 pH and 0 pH acidic solutions, high 
hydrogen concentrations were obtained. The absorbed hydrogen concentration was found to 
be 0.94 ppm in 0 pH solution after 7 days, while it was 1.315 ppm in -0.48 pH solution. This 
is higher than that for the 0 pH solution because of the high acid concentration of HCl and 
there in consequently an increased corrosion reaction. Similarly, after 14 and 28 days, 4.47 
ppm and 5.03 ppm were measured for specimens in 0 pH solution, as shown in Figure 5.17, 
while for the specimens in -0.48 pH solution, the hydrogen concentrations obtained were 
5.19 and 5.972 ppm after 7 and 28 days respectively. These results indicate that hydrogen 
concentration increases with the increase of time in both -0.48 pH and 0 pH solutions due to 
its diffusion into the steel over time.
For the hydrogen concentration of specimens immersed in 2.5 pH and 5 pH solutions, 
similar results were obtained as those for -0.48 pH and 0 pH acidic solutions, indicating that 
hydrogen is absorbed into the steel surface and its concentration increases with time. 
Hydrogen concentrations of 2.51, 4.01 and 4.29 ppm were obtained on 7th, 14th and 28th days 
respectively for specimens immersed in 2.5 pH solution. However, interestingly, for 
specimens immersed in the 2.5pH soil solution, a higher hydrogen concentration was 
obtained initially at the 7th day compared with the -0.48 and 0 pH solutions due to the 
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presence of other hydrogen-containing compounds, such as NaHCO3 and hydrated 
compounds of MgS04 and CaCl2 in the solution. The specimens immersed in 5 pH soil 
solution showed the lowest in hydrogen concentration after 28 days compared with the other 
specimens immersed in different solutions. However, on the 7th day of immersion in the 5 
pH solution, the hydrogen concentration was higher than that for the -0.48 and 0 pH 
solutions respectively, for the same reasons explained above for the 2.5 pH solution. 
For the 2.5 pH and 5 pH simulated soil solutions long-term experiments were conducted to 
observe how hydrogen concentration changes with time. Figure 5.17 (b) shows that the 
hydrogen concentration dropped in specimens in both solutions. The hydrogen concentration 
reduced to 3.35 and 3.12 ppm at 180 days in solutions of 2.5 and 5 pH, while at 365 days the 
hydrogen concentration was 2.95 and 2.88 ppm, respectively. The reason for the decrease in 
hydrogen concentration with time may be the build-up of corrosion products, which 
hindered the further penetration of hydrogen into the metal surface, which resulted in a 
gradual decrease of hydrogen concentration with time. 
The above results indicate that hydrogen concentration in specimens immersed in all 
solutions increases with time over a short time. However, as corrosion progresses, a decline 
in hydrogen concentration can be observed. To further investigate the relationship between 
corrosion and hydrogen release, the percentage mass loss and corresponding corrosion rates 
were calculated for short and long durations of immersion. 
5.5.2 Corrosion rates  
This section reports the mass loss and the corresponding corrosion rates of the specimens 
immersed in highly acidic and simulated soil solutions for short term test. The long-term 
mass loss measurements are not presented here as they have already been presented in 
Section 5.3.1 of this chapter. The mass loss measurements were conducted after the 
completion of hydrogen measurement at each of the designated three periods for the four 
solutions. The percentage mass loss results of -0.48 pH and 0 pH specimens are shown in 
Figure 5.18 (a) while Figure 5.18 (b) shows the percentage mass loss of specimens immersed 
in 2.5 pH and 5 pH soil solutions for short durations.  
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After 7 days of corrosion, the mass losses of specimens in -0.48 pH and 0 pH (HCl) 
solutions were 3.02 % and 5.36 %, while in 2.5 pH and 5 pH solutions they were 0.105 % 
and 0.01 % respectively. These mass losses increased with time and after 14 days of 
corrosion reached 15.76, 8.47, 0.178 and 0.078 % in -0.48 and 0, for the 2.5 and 5 pH 
solutions respectively. After 28 days of corrosion, a significant mass loss was obtained for 
specimens in -0.48 pH (3M) solutions with an average of 46.12 % reduction of their original 
mass, indicating the severity of corrosion (see Figure 5.18). Specimens in 0 pH (1M) 
solutions were also found to have degraded severely; the average mass loss obtained was 
28.17% of their original weight after 28 days. Moreover, specimens in 2.5 and 5 pH 
solutions also showed a little reduction in mass after 28 days, the percentage mass loss being 
0.189 % and 0.098 % respectively after 28 days.  
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a) % Mass loss of specimens in 2.5 and 5 pH solutions 
Figure 5.18 Mass loss of specimens in various solutions 
The corresponding corrosion rates of the specimens were calculated from the mass loss 
following ASTM G1-03 (2014). The corrosion rates of specimens immersed in -0.48 pH 
solution were the highest of all specimens after 28 days of corrosion. The highest corrosion 
rates of 11.15, 6.93, 0.149 and 0.0695 mm/yr were measured for specimens in -0.48, 0, 2.5 
and 5 pH solutions respectively after 28 days. On the 7th day, the corrosion rates were 5.32, 
3.02 and 0.145 and 0.056 mm/yr respectively, as shown in Figure 5.19. These results suggest 
that the corrosion rates on the 28th day are nearly double those on the 7th day for the 
specimens in -0.48 pH and 0 pH solutions, which indicates the severity of the corrosive 
environment. The high corrosion rates can be attributed to the coupled effect of chloride and 
hydrogen ions, which decrease the pH and the passivity of steel with time. Therefore, it is 
possible to have a low pH in the corroded/pitted areas of specimens in contrast to the 
surrounding high pH environment.  
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(a)  Corrosion rates of specimens immersed in various solutions  
 
(b) Corrosion rates of specimens in 2.5 and 5 pH solutions 
 Figure 5.19 Corrosion rates of specimens immersed in various solutions   
5.5.3 Relationship of corrosion and hydrogen  
One of the objectives of carrying out hydrogen measurements was to observe how corrosion 
and hydrogen measurements are related to each other, either directly or indirectly. A direct 
relationship means that with the increase of corrosion rates there is a corresponding increase 
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in the hydrogen measurements. This section reports on the short- and long-term relationship 
between corrosion rates and hydrogen concentration.  
Figure 5.20 shows that the hydrogen content increases with the increase of corrosion rates, 
indicating a direct relationship between corrosion and the hydrogen released. For example, 
for the highly acidic case (a)with a -0.48 pH solution, the corrosion rate was 5.32mm/yr and 
hydrogen release was 1.315 ppm on the 7th day, while on the 28th day, the corrosion rates 
reached 11.15 mm/yr, and the hydrogen content was 5.972 ppm  (Fig. 5.20(a)). Similarly, for 
the least acidic case (d), i.e., 5pH solution, the corrosion rate and hydrogen content were 
found to be 0.056mm/yr and 1.618 ppm respectively on the 7th day and reached 0.069mm/yr 
and 3.281ppm respectively on the 28th day. The experimental results show that the corrosion 
severity of the specimens is in the order -0.48 pH (3M) >0 pH (1M) >2.5 pH > 5 pH (see 
Figure 5.20). The subsequent hydrogen concentration follows the same trend, indicating that 
corrosion and the increase in hydrogen concentration are directly related. This phenomenon 
can be explained using simple electrochemistry. Surface corrosion reactions produce 
hydrogen and part of it is absorbed in atomic form into the material (Azofeifa et al. 1997). 
The following reactions illustrate the release of hydrogen during the corrosion process. 
O2 + 4H+ + 4e-                 2H2O   (acid solution)                                                         (5.3)                     
 
O2 + 2H2O + 4e               4OH-     (neutral or basic solution)                                        (5.4)                
 
2H+ + 2e-                   H2       (hydrogen evolution)                                                      (5.5)   
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(a)  -0.48 pH (3M) 
 
(b) 0 pH (1M) 
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(c) 2.5 pH 
 
(d) 5 pH 
Figure 5.20 Corrosion and hydrogen relation 
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However, the long-term measurement of corrosion and hydrogen revealed that the 
relationship was reversed. Although the corrosion rates of the specimens in 2.5 and 5 pH 
solutions increased, at the same time the hydrogen concentration of specimens in both 
solutions decreased. Corrosion rates of 0.14 and 0.15 mm/yr with the corresponding 
hydrogen content of 3.35 and 2.95 ppm were obtained at 180 and 365 days for the specimens 
in 2.5 pH solution (Figure 5.20). Similarly, corrosion rates of 0.08 and 0.1 mm/yr with the 
corresponding hydrogen content of 3.12 and 2.88 ppm were obtained at 180 and 365 days 
for specimens in 5 pH solutions (see Figure 5.20). 
These results indicate that the hydrogen concentration increases with the increase of 
corrosion rates at the beginning, but as the corrosion products build up the penetration of 
hydrogen into the exposed surface decreases. This result may prove to be very useful to the 
steel construction and pipe industries, as the prevention of hydrogen penetration can prevent 
hydrogen-induced cracking and mechanical property degradation. 
5.5.4 Microstructural analysis 
The elemental composition of the specimens immersed in different solutions was determined 
upon completion of each time period, in order to observe any elemental change with time 
due to corrosion. For this purpose, the results obtained were compared with those for the 
elemental composition of un-corroded steel specimens. The results obtained from specimens 
immersed in 0 pH (1M) and -0.48 pH (3M) and 2.5 and 5 pH soil solutions are shown in 
Figure 5.21 (a), (b), (c), (d), (e), and (f). These results clearly show that the Fe percentage 
reduced progressively with time in all solutions. It was almost 100 % when there was no 
corrosion, but after 7, 14 and 28 days, the percentage was reduced to 75.18, 68.14 and 51.61 
% in -0.48 pH specimens respectively at these times as shown in Figure 5.21(a). The Fe 
reduction of specimens in 0 pH solution was also obvious with time, being 82.23, 62.83 and 
58.6 % at 7, 14 and 28 days respectively, as shown in Figure 5.21(a). The reason for the 
reduction in Fe has been explained earlier in the earlier sections of this chapter. The 
reduction in Fe was found to be highest in the -0.48 pH solution as the specimens were 
subjected to the most corrosive environment, followed by the 0, 2.5 and 5 pH solutions. The 
reduction in Fe allows the hydrogen liberated from the corrosion process to enter the 
interstitials to induce hydrogen cracks and blisters. 
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Previous researchers have developed empirical equations for ferrite-pearlite steels that relate 
strength and toughness to microstructural features such as percentage of pearlite, grain 
diameter, and steel constituents. For example, Pickering (1971) developed Eqs. (5.6) and 
(5.7) for the yield and tensile strength of ferrite-pearlitic steel with 0.25 % C content as 
follows:
YS = 53.9 + 32.34 (Mn) + 83.2(Si) + 354.2(Nf) + 17.4(d1/2)                                             (5.6)                        
TS = 294.1 + 27.7(Mn) + 83.2(Si) + 3.9(P) + 7.7(d –l/2)                                                     (5.7) 
where, Mn is manganese, Si is silicon, Nf is nitrogen, d is the grain size of Fe and P is the 
percentage of pearlite. From the above equations, it is evident that the yield and tensile 
strength of steel depend on the grain size of Fe (ferrite). In the present research, the 
percentage of Fe large grains in specimens progressively reduced with the corrosion, which 
could possibly lead to a reduction in the mechanical properties, such as yield strength and 
tensile strength as per Eqs. (5.6) and (5.7).  
 XRF analysis showed oxygen specifically in the -0.48 and 0 pH (HCl) solutions. The 
oxygen percentage increased successively over time, indicating that oxide layers formed on 
the surface of the steel specimens in these solutions. The oxygen percentage increased to 
21.3, 34.1 and 46.08 % in -0.48 pH specimens, while in the 0 pH specimens it was 13.25, 
28.6 and 38.27 on the 7th, 14th and 28th days respectively, as shown in Figure 5.21(b). As a 
result of this oxygen inclusion and the great reduction of Fe due to corrosion, other elements 
like hydrogen can diffuse through the steel into the crystal lattice causing embrittlement or 
hydrogen-induced cracking, as explained by many previous researchers and discussed earlier 
in the thesis. XRF analysis of specimens immersed in 2.5 and 5 pH solutions detected very 
little oxygen because of the low corrosive environment during the test duration, and as a 
result less change was observed in the mechanical properties of these specimens after 28 
days.  
Mn is an element the presence of which in steel makes it strong and tough (Bramfitt 1998). 
Some researchers have found a relationship of Mn and Si on the tensile strength of ferritic 
steel as shown in Eqs. (5.6) and (5.7). Figure 5.21 (c), shows that the Mn percentage in an 
un-corroded specimen was 0.491 %. After 7 days, its percentage in -0.48 pH was 0.389 %, 
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and this figure further reduced to 0.331 and 0.29 % on the 14th and 28th day respectively. 
Similarly, for specimens immersed in 1M solutions, a reduction in Mn was found. The 
values were 0.430, 0.401 and 0.386 % after 7, 14 and 28 days respectively. The reductions of 
Mn in specimens of 2.5 and 5 pH solutions were the lowest because of their lower 
corrosiveness compared with the HCl solutions.  
The silicon and chromium contents of specimens also reduced upon the completion of each 
time period in 0 and -0.48 pH solutions, but very little reduction in the 2.5 and 5 pH 
specimens was observed in silicon content, as shown in Figure 5.21 (d). The results show 
that the silicon percentage in un-corroded specimen was 1.51 %, and this reduced to 0.437, 
0.218 and 0.14 % in the  -0.48 pH solution, while for specimens immersed in 0 pH solution, 
the silicon content was found to be 0.267, 0.229 and 0.155 % after 7, 14 and 28 days 
respectively. The silicon reduction is also directly related to the strength of the steel, as 
indicated in Eq. (5.6) and (5.7). On the other hand, chromium is known to be corrosion-
resistant (Cramer and Covino 2005) and its reduction makes the steel less corrosion-resistant 
or more prone to corrosion attack. Chromium was most reduced in the -0.48 and then in the 
0 pH solutions, and its percentage in specimens of various solutions over time is shown in 
Figure 5.21(e). The results indicate that the chromium percentage reduced from 0.0807 % to 
0.063 %, 0.053 % and 0.033 % in specimens immersed in 0 pH solution, while its 
percentage content reduced to 0.0562, 0.0501 and 0.0353 % in -0.48 pH solution after 7, 14 
and 28 days respectively. Specimens immersed in 2.5 and 5 pH solutions showed very little 
change in chromium and other elements, which is another possible reason for there being no 
significant change in the mechanical properties of these specimens over time.  
Chloride is one of the most severe sources of corrosion for metals (Ma 2013). According to 
the elemental composition, there were traces of chloride over time in specimens due to 
corrosion, as shown in Figure 5.21 (f). The chloride content of specimens was 1.07 % in -
0.48 pH on the 7th day, and increased to 1.65 and 1.866 % on 14 and 28th day respectively. 
Similarly, the chloride content percentages for specimens in 0 pH solution were 0.477, 1.1 
and 1.36 % on 7th, 14th and 28th days respectively. Chloride traces (0.186 %) were noted in 
specimens from 2.5 pH solutions after 28 days. The presence of chloride in the form of HCl 
acid may be attributed to the mechanical degradation and delamination of the steel 
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specimens, which can be explained using the concept of electrochemistry as follows (Marcus 
2011):  
The anodic reactions is given below: 
Fe              Fe2+ + 2e- (dissolution of iron)                                                                         (5.8) 
The electrons liberated from anodic process flow to the cathode where they are discharged in 
the cathodic reaction: 
ଵ
ଶO2 + H2O + 2e-                2(OH-)                                                                    (5.9)              
Due to the occurrence of these reactions (5.8) and (5.9), the electrolyte enclosed in the 
delaminated area or pit acquires positive electrical charge, and the electrolyte adjacent to the 
pitted or segregated area becomes negatively charged. The positively charged segregated 
area attracts negative ions of chlorine (Cl), increasing the acidity of the electrolyte, 
according to the following reaction: 
FeCl2 + 2H2O             Fe(OH)2 + 2HCl                                                                             (5.10) 
There is a further decline in the pH of the electrolyte in the segregated area from the 
surrounding area, which causes further acceleration of corrosion. Corrosion products form 
around the pit area, resulting in further separation of the electrolyte. It is due to this reason 
that very corrosive rates were obtained in this research, particularly for specimens immersed 
in -0.48 pH solution.  
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(a) Iron                                                           (b) Oxygen 
 
                             (c) Manganese                                                         (d) Silicon 
 
 
                          (e)  Chromium                                                             (f) Chloride 
Figure 5.21 Change of elemental composition of specimens in various solutions 
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Grain analysis 
The specimens immersed in -0.48 and 0 pH solutions showed clear delamination (Figure 
5.22) with time. The reasons for delamination were investigated by SEM imaging, and 
optical microscope (OM) images were taken at 200X and 100X magnifications. The 
specimens were cut along the pitted areas, polished and etched with 2% nital solution to 
observe grain sizes and their microstructure. The phases of the test steel specimens were 
found to be ferrite (Fe), light yellow in colour with black cementite (Fe3C), based on OM 
observations, as shown in Figure 5.23).  More interestingly, the OM images showed that the 
grains and boundaries in the middle section of thickness of specimens are larger near the 
delaminated area than those at the edges and in confined and compacted areas, as shown in 
Figure 5.23 (edge). Using ImageJ software, a software used for image processing (Abràmoff 
et al. 2006), the grain sizes can be calculated. In Figure 5.24 (right side), it can be seen that 
there is too much variation, even in the larger grain sizes of the middle section. The reason 
for this variation of grain size is the continuous casting process (Campbell 2003). In 
continuous casting; cooling is more rapid at the surface than in the centre. The surface is also 
hot-rolled and compressed to make it dense. These factors are responsible for the differences 
in grain size. Moreover, it has been found that larger grains are more susceptible to corrosion 
and other environmental attacks (Trillo et al. 1995;  Ralston et al. 2010).  
 
 
 
 
Figure 5.22 Delamination of specimens in -0.48 pH (3M) solution at 28 days 
When the larger grains exposed to a corrosive environment, they become weaker and start 
corroding, and behaving like an anode. In addition, the grains at the edge behave as a 
cathode, leading to anode and cathode galvanic corrosion (Stephen et al. 2005). As a result, 
grains in the middle section corrode much faster than the edge grains. This may be reason 
why delamination was observed in the specimens of -0.48 pH (3M) and 0 pH (M) HCl 
Delamination 
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solutions and became worse with time as corrosion proceeded. Another reason for 
delamination is that large grains can accommodate elements like hydrogen, which can cause 
embrittlement as soon as it occupies interstitial sites.  
In the SEM analysis of specimens immersed in 0 and -0.48 pH HCl solutions, micro-
cracks were observed (Figure 5.24). These micro-cracks appear to be hydrogen 
embrittlement cracks, due to the existence of hydrogen blisters. The blisters are signs of 
hydrogen accumulations (Jin et al. 2010). A high hydrogen concentration favours rapid 
initiation of cracks, as there were more cracks discovered in the -0.48 pH solution 
(hydrogen concentration 5.97 ppm) than the 0 pH HCl (hydrogen concentration 5.03 
ppm). The pits were visible in specimens immersed in -0.48 and 0 pH solutions, as 
shown in Figure 5.24. These cracks were not evident in specimens from 2.5 and 5 pH 
solutions, even after 28 days of corrosion. 
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Figure 5.23 Grain size difference of middle (larger) and edge (smaller) of samples thickness 
using optical microscope 
                     
 
                     (a)   0 pH (1M)                                       (b)   -0.48 pH (3M)   
Figure 5.24 SEM image of micro-cracks at 28th day of corrosion 
Phase analysis 
To further authenticate the grain sizes and phases of the central segregated and surrounding 
regions, electronic back-scattered diffraction (EBSD) was used.  Operating EBSD 20 KV 
and 6 spot sizes, maps of the segregated and surrounding areas of various samples were 
taken. The purpose was 1. to find the grain sizes affected by corrosion of the steel, and 2. To 
determine which phase had the maximum corrosion and its consequent hydrogen effect. 
After EBSD analysis of several samples, the Channel 5 (Oxford Instruments) EBSD post-
processing software was used to calculate the phases and grain sizes on the EBSD maps. 
Using this software, great variation of grain sizes can be determined, even for large and 
small grains along the thickness of the specimens. The average large grain size of the central 
region was found to be 12.65 μm while the average size of selected edge smaller grains was 
5.73μm.  
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Moreover, from the EBSD maps of un-corroded samples, it became evident that 98.15 % 
was the ferrite phase as found by the OM images, and the remaining percentage was 
cementite. Further, based on the analysis of EBSD maps of central segregated areas of 
various test specimens, it was established that most of this central area was dominated by the 
ferrite phase (Fe) and the other phases were cementite (Fe3C) and iron oxide (Fe2O3). Ferrite 
is prone to corrosion as it oxidizes quickly, while cementite provides resistance to corrosion 
(Syugaev et al. 2008). Figure 5.25 (a), (b) and (c) presents the morphology and phase maps 
of corroded specimens immersed in -0.48, 0 and 2.5 pH solutions near the segregated and pit 
areas after 28 days. The selected areas and maps for EBSD are shown in the left-hand 
images of Figure 5.25 (a), (b) and (c) while the right-hand images in this figure represent the 
EBSD phase analysis of the selected areas and maps. The reason for presenting only these 
specimens’ maps is the corrosion severity of their solutions. Based on a visual inspection of 
these maps, a reasonable estimation of the phase percentage can be made without doing the 
calculation. For instance, in Figure 5.25 (a) (right-hand side), it can be seen that red coloured 
iron body-centred cubes (BCCs i.e, ferrite) dominate the whole image, while a few yellow 
Fe2O3, (i.e., iron oxide) and tiny blue dots of FeC3 (cementite) can be seen. Similarly, in 
Figure 5.25 (b) and (c), it can be seen that the ferrite phase is prevalent in specimens of 0 and 
2.5 pH solutions (red in (b) and green in (c), respectively).   
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Figure 5.25 Phases of the surrounding area of segregation of various specimens at the 28th 
day 
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Moreover, using EBSD, accurate percentages of the phases of specimens were calculated, as 
shown in Figure 5.26. As EBSD analysis shows, ferrite, cementite and iron oxide contents of 
71.76, 0.92 and 27.32 % were obtained respectively after 28 days of corrosion for specimens 
immersed in -0.48 pH solution. These phases were determined to be 76.44 %, 1.56 % and 22 
% in specimens of 0 pH solution while contents of 81.8 %, 2.98 % and 15.22 % for ferrite, 
cementite and iron oxide were obtained for the 2.5 pH solution respectively (Figure 5.26). 
These results are consistent with the XRF results, which also showed a similar trend of Fe 
(ferrite) reduction due to corrosion compared with un-corroded specimens as discussed 
previously, hence corroborating the originality of the present research.  
 
Figure 5.26 Phases of steel after 28 days of corrosion in various solutions 
5.6 SUMMARY  
This chapter has presented the result and analysis of a series of tests conducted on the 
corrosion of cast iron, mild steel and ductile iron of uniquely designed specimens simulating 
external corrosion in simulated soil solutions of varying acidity. The corrosion of cast iron 
specimens was found to be pH-dependent initially, with high corrosion rates for specimens 
in solutions of high acidity (i.e., 2.5> 3.5> 5) for 180 days. However, after one year, the 
reverse trend was observed, and the corrosion of specimens in the least acidic solution was 
the highest of all the specimens. A similar trend was obtained for specimens in soil, for 
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which the corrosion rates of specimens in the low acidity soil of 5 pH showed greater 
corrosion than those specimens in the high acidity soil of 2.5 pH at 365 days. This shows 
that high acidity does not directly relate to the long-term corrosion of cast iron. In addition, 
the results presented in this chapter have shown that the corrosion rates of specimens in soil 
solution are slightly lower than those in soil. However, there appears to be a strong 
correlation between corrosion in solution and soil, based on the test results for cast iron after 
one year. Moreover, microstructural analysis revealed compositional changes due to 
corrosion in simulated soil solutions. 
Based on the comparative results of corrosion for mild steel and ductile iron, the corrosion of 
mild steel was found to be much greater than that of ductile iron, even after one year. This 
result indicates that ductile iron is more resistant to corrosion than tsteel, which has also 
been shown by field studies and short-term laboratory studies. Analysis of the corrosion 
products was also conducted for these two ferrous metals and the difference between the 
products formed on them is explained in this chapter.  
Furthermore, an analysis of the hydrogen produced during the corrosion process, its 
concentration and its relationship with corrosion rates is presented in this chapter. In 
addition, the influence of hydrogen on the micro-structure and compositional change of 
specimens is presented and explained. 
Finally, based on the test results obtained from a series of experiments conducted using 
simulated soil solutions, appropriate standards and procedures for further research in future 
can be developed. By virtue of such studies, complex models of corrosion and the influence 
of hydrogen on corrosion and on material deterioration can be developed. Moreover, by 
conducting experiments using simulated soil solutions, predictions can be made more 
conveniently without taking into account various corrosive factors in soil, such as particle 
size and other physical properties. Furthermore, the test program presented in this chapter 
will facilitate the development of repair and maintenance strategies for owners and asset 
managers. 
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CHAPTER 6 EFFECTS OF CORROSION ON MECHANICAL 
PROPERTIES 
6.1 INTRODUCTION 
This chapter presents the results and analysis of the effects of corrosion on the mechanical 
properties such as the fracture toughness of three types of metals i.e., cast iron, ductile iron 
and steel. In this chapter the effects of factors governing corrosion of metals in soil (such as 
acidity and saturation) and simulated soil solutions (acidity) on the fracture toughness of 
buried cast iron are critically analysed and presented with reference to previous research. In 
addition, the long-term effect of sulphate-reducing bacteria (SRB) in soil and in culture 
medium on the fracture toughness of cast iron is investigated. The term “candidate fracture 
toughness” (KQ) is used in this chapter to represent the fracture toughness of specimens not 
under plane-strain conditions. In addition to the effects of corrosive factors on the fracture 
resistance of cast iron, the influence of the acidity of simulated soil solution (as discussed in 
Chapter 5) on the fracture toughness of cast iron is also investigated. The purpose is to 
observe the variation of fracture toughness of cast iron in soil and simulated soil solution, 
both with the same pH. The results and analysis of the fracture toughness of cast iron in 
simulated soil solutions are also presented in this chapter. The effect of corrosion on the 
fracture toughness of ductile and mild steel specimens on the equivalent fracture toughness 
calculated from CTOD is also presented. 
Corrosion not only influences the fracture toughness of metals, it can also degrade the 
strength of the material i.e., its tensile strength. This is also investigated in the presence of 
mild steel. Currently, steel is the major ferrous metal which is not only used in pipelines but 
also in other fields because of its superior strength, toughness malleability, weldability, and 
also feasibility, as is is cheaper than other ferrous metals. Therefore, both short- and long-
term experiments on the corrosion of mild steel in simulated soil solution were conducted to 
observe the changes in their tensile properties. Moreover, the corrosion and the 
corresponding hydrogen liberated from the corrosion process were also correlated with the 
tensile properties. The test results and the analysis of the impact of corrosion on the tensile 
strength of mild steel are presented in this chapter in detail. 
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In addition, the influence of corrosion on the nano-mechanical properties of cast iron, ductile 
and steel specimens is investigated after the maximum duration of immersion in their 
respective corrosive media. The changes in the mechanical properties, i.e., hardness and 
elastic modulus, of the metals in corrosive environments over time at nano-level are 
presented in the form of 3-D surface plots. The purpose is to show the degradation of the 
mechanical properties of the exposed surface (simulating the exterior surface of buried 
pipes) of specimens due to corrosion. 
In summary, the significance of investigating the effect of corrosion on the fracture 
toughness of buried ferrous metals is manifold. For example, cast iron is brittle and more 
prone to corrosion in the light of the results and according to previous research. The 
corrosive factors in soil reduce the fracture resistance of cast iron pipes, which in turn may 
cause sudden catastrophic failure. The analysis of the test results presented in this chapter 
provides reasons for catastrophic failure, and the results presented here therefore can provide 
the rationale for and enable the prediction of such failures in the field. Simply by inspecting 
the soil properties or by knowing the corrosion rates of buried pipes engineers and 
consultants will be able to estimate the fracture toughness of buried pipes. Moreover, as 
ductile iron and mild steel are not brittle materials, they do not fail catastrophically, but the 
reduction in their fracture resistance due to corrosion can reduce their design lives. 
Furthermore, the tensile properties of steel structures such as pipelines are very important 
and integral design parameters, any reduction of which may lead to a reduction in their 
service. Therefore, the results of the present studies will assist asset managers and owners to 
decide on the most appropriate repair and maintenance strategies for buried cast iron pipes.  
6.2 FRACTURE TOUGHNESS (KQ) OF CAST IRON IN SOILS 
This section reports the results and analysis of the candidate fracture toughness of cast iron 
specimens buried in various corrosive soils, as discussed in Chapter 4. Cast iron specimens 
were buried in soils of varying acidity and saturation, and after removal and mass loss 
measurements at the designated times were tested for KQ. The purpose was to observe the 
time-dependent influence of corrosion-stimulating factors in soil on the KQ of the cast iron. 
The results for the KQ of cast iron buried in different conditions of clay soil are presented 
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and analysed in this section, and comparisons of the variation of the KQ of corroded cast iron 
specimens in various soil conditions at the selected time periods are also presented . 
6.2.1 Effect of varying acidity and saturation  
The KQ testing of the specimens buried in soils of varying acidities and saturations was 
conducted, after the specimens had been tested for mass loss at the designated times. The KQ 
testing was carried out on the 180th, 365th and the 545th day after cleaning. First, pre-cracking 
by fatigue was performed as discussed in Section 3.6.1 in Chapter 3, followed by fracture 
toughness testing and calculations as per ASTM E 1820 (2013). The influence of key 
parameters i.e., varying acidity (pH) and saturation (moisture content) levels of soil on the 
KQ of cast iron is analysed and presented in this section. 
Effect of varying acidity on KQ in highly saturated soils  
The average of two results of close fracture toughness tests of corroded specimens under 
each condition were compared with those of an un-corroded specimen and plotted with 
respect to time. The results are shown in Figure 6.1. This was done to remove outliers, which 
may affect the final average value. The test results in Figure 6.1 indicate that the candidate 
fracture toughness values of the specimens in soil of high acidity (2.5 pH) and high 
saturation (80%) reduces to some extent from their un-corroded value as the time passes. 
First the average of the KQ values of three un-corroded specimens was determined and found 
to be 24.63 MPaήm0.5. Next, three specimens buried in high acidity (2.5 pH) and highly 
saturated (80 %) soil were removed at 180 days and tested for KQ, and the average (of two 
close) KQ values after 180 days of corrosion was found to be 24.53 MPaήm0.5, as shown in 
Figure 6.1. The result indicates that no reduction in KQ was observed. This value reduced 
slightly at 365 days i.e., 23.80 MPaήm0.5. However, the KQ of the specimens buried in soil of 
high acidity (2.5 pH) with a saturation of 80 % was found to be 21.79 MPaήm0.5 after 545 
days,  which was 11.5 % less than the un-corroded value. This reduction of KQ at the 545th 
day may be due to the development of corrosion pits at the point or area near the notch tip of 
the specimens, which resulted in the reduction of toughness by facilitating crack growth and 
propagation. In addition, pre-cracks may have been created by the corrosion on the exterior 
surface, which led to the extension of the cracking of specimens, since the crack extension 
determines the fracture toughness of materials (Li and Yang 2012). The phenomenon of 
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reduction in the mechanical properties of buried cast iron pipes due to the action of corrosion 
pits has been observed and explained by previous researchers (c.f. Rajani 2000). 
Furthermore, the reduction in elemental composition (discussed in Section 4.4.2 of Chapter 
4 and Section 5.2.4 of Chapter 5) due to corrosion may also result in change in mechanical 
properties (see Section 5.5.4 of Chapter 5 for details). 
Similar to the above soil condition, a slight reduction in the KQ (24.63 MPaήm0.5) was 
observed for the specimens in 3.5 pH and 80 % saturated soil at 180 days, as shown in 
Figure 6.1. However, after 365 days, there was a decline in the KQ value (22.95 MPaήm0.5) of 
the specimens immersed in this soil (Figure 6.1). The reduction was almost 17 % (20.46 
MPaήm0.5) of the initial KQ after 545 days, highlighting the severity of corrosion and the 
corresponding reduction in the fracture resistance of cast iron. This result has practical 
implications in the field and indicates an alarming condition that may prevail due to the 
coupled effect of 3.5 pH and highly saturated (80 %) clay soil. Moreover, this result shows 
that not only sectional or material loss occurs due to corrosion, but its effect may influence 
resistance to material fracture. Further, this result may indicate the reason for the sudden or 
catastrophic failure of cast iron pipes during operation, resulting in the reduction of their 
service lives or sudden burst.   
The KQ of the specimens buried in soil of low acidity (5 pH) with high saturation (80 %) 
also behaves like other batches of high acidity soil (i.e., 2.5 and 3.5 pH) with the same 
saturation (refer to Figure 6.1). KQ was found to be 24.47 MPaήm0.5, slightly less than its 
original un-corroded value after 180 days (Figure 6.1). At 365 days, the average KQ value 
reduced to 24.14 MPaήm0.5, and further reduced to 20.54 MPaήm0.5after 545 days (Figure 
6.1). This reduction in KQ was about 16.5 % of its original un-corroded value, probably 
because the increase in corrosion depth favoured a crack growth, or due to some other 
reasons as discussed earlier. 
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Figure 6.1 Effect of varying acidity on KQ of cast iron in soil of high saturation (80 %) 
A comparison of the KQ of specimens shown in Figure 6.1 indicated that the specimens in 
the soil of comparatively low acidity i.e., 3.5 and 5 pH showed a significant reduction after 
545. Specimens in lower acidity soils (i.e., 3.5 and 5 pH) showed similar reductions, as 
shown in Figure 6.1, while the specimens in 2.5 pH showed less reduction compared with 
the other two lower acidity batches (Figure 6.1). 
In summary, the results of the fracture toughness testing of the specimens removed from 
highly saturated (80 %) soil with varying acidity indicate that the reduction of KQ is not 
dependent on the high acidity of the environment. Instead, it depends on the localized 
reaction that takes place due to inherent material defects or susceptibility to corrosion, 
especially near the crack tip location. The corrosion process supports crack growth which in 
turn induces reduction in the KQ. The reduction in elemental composition due to corrosion as 
observed can be another possible reason for this KQ reduction. 
Effect of varying acidity on KQ in low saturated soils 
The KQ values of the specimens buried in low saturated soil of varying acidity was also 
measured to observe the coupled effect of varying acidity (2.5 and 5 pH) and low saturation 
(40 %) on the KQ of the specimens. As for the highly saturated soil conditions, the KQ value 
did not show a reduction initially at 180 days in soil of high acidity (2.5 pH) with low 
saturation (40 %). However, it started to decrease (24.22 MPaήm0.5) after 365 days, and was 
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found to be 21.73 MPa.m0.5 after 545 days. This reduction in KQ was 11.7 % of the un-
corroded initial value.  
Similarly, in soil of low acidity (5 pH) and low saturation (40 %), there was no reduction in 
the KQ of the specimens at 180 days. The KQ of the specimens reduced slightly i.e., to 24.22 
MPaήm0.5 after 365 days in this soil condition. However, it reached 21.67 MPaήm0.5 after 545 
days (Figure 6.2) which was a 12 % reduction from its original un-corroded value.  
Based on the results for soils of varying acidity (2.5 and 5 pH) and low saturation (40 %) 
shown in Figure 6.2, it appears that the high acidity of the soil has no direct relationship with 
the maximum reduction of KQ in low saturated soil conditions. It appears to be the localized 
reaction which causes more reduction in KQ. Moreover, based on a comparison of KQ in 
highly acidic soils of varying saturations, more conclusions can be drawn. This comparison 
is presented in the following section. 
 
Figure 6.2 Effect of varying acidity on KQ of cast iron in soil of low saturation (40 %)  
Effect of saturation on KQ in highly acidic soil  
The comparison of KQ of the specimens in high acidic soils of varying saturation was also 
made to observe the influence of moisture content or the saturation of the soil in highly 
acidic soils (2.5 pH). The test results presented in Figure 6.3 show that greater reduction of 
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KQ was observed in highly saturated soil at 365 days. This result shows that the coupled 
effect of high acidity and high saturation (80 %) is more influential in the reduction of KQ up 
to 365 days. However, after 545 days of corrosion, the candidate fracture toughness was the 
same in both low and highly saturated acidic soil conditions. It would be interesting to 
determine whether the same behaviour occurs in less acidic soils of varying saturations so 
that further conclusions can be drawn on the phenomenon of KQ reduction in corrosive soil 
environments.  
 
Figure 6.3 Effect of high acidity (2.5pH) soil on KQ of cast iron in soil of varying 
saturation 
Effect of saturation on KQ in low acidic soils 
In low acidic (5 pH) soils, the effect of corrosion on the KQ is different from that in high 
acidity conditions with varying saturation levels (40 and 80 %). This effect was investigated 
by making a comparison of the KQ values in low acidic (5 pH) soil of varying saturation 
levels.  
The KQ values of the specimens were found to be almost the same up to 365 days in low and 
highly saturated soils with low acidities (Figure 6.3). However, after 545 days, there was a 
greater reduction of KQ in the highly saturated (80 %) soil than in the low saturated (40 %) 
soil with the same low acidity (5 pH). The reduction in KQ at this time was 20.54 and 21.67 
MPaήm0.5 in soil of high and low saturation, respectively (Figure 6.4). This result indicates 
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that the saturation value influences the KQ of the specimens in the low (5 pH) acidity soil, 
which was not observed in high (2.5 pH) acidity soil at 545 days. In addition, it should be 
noted that for the coupled effect of low acidity and high saturation of soil, the highest 
corrosion rates and the maximum pit depth were obtained.  
Finally, based on all the above KQ test results of specimens tested after being removed from 
various soil conditions, it is clear that specimens with maximum corrosion rates and pit 
depths under a given soil condition suffered the largest reduction in KQ. 
 
Figure 6.4 Effect of low acidity (5pH) on KQ of cast iron in soils of varying saturation 
6.2.2 Effect of bacteria 
The research literature suggests that knowledge of the influence of bacteria, in particular 
sulphate-reducing bacteria (SRB), on mechanical properties especially fracture toughness is 
scant. This section reports the results and analysis of the candidate fracture toughness testing 
of specimens removed from the two media i.e., soil and culture medium containing bacteria 
at designated times. The analysis in Chapter 4 revealed that that SRB in soils cause serious 
degradation of cast iron from a material perspective in terms of corrosion rates and depths. 
This section deals with the influence of SRB on mechanical property such as the fracture 
resistance of cast iron pipes over time. 
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After 180 and 365 days, specimens were removed from the media designed to simulate 
external corrosion by SRB in soil. After the removal of the corrosion products and the 
conduct of mass loss measurements, the specimens were tested for fracture toughness. The 
results obtained are shown in Figure 6.5. The figure indicates that the KQ reduced from its 
value of 24.63 MPaήm0.5 to 22.85 MPaήm0.5 after 180 days of corrosion. The KQ of the 
specimens was further reduced at 365 days of corrosion when it was found to be 20.64 
MPaήm0.5. The reduction of KQ in soil after 180 days was 7.23 %, while at 365 days this 
value was 16.19 %, which is quite significant. The reason for this reduction may be the pits 
formed by SRB at the notch tip, which might have facilitated crack propagation, and 
consequently the KQ was reduced. 
The KQ of the specimens immersed in culture medium were also determined at 180 and 365 
days. The KQ was found to be quite steady over time, with no significant reduction in culture 
medium, The KQ was found to be 24.13 MPaήm0.5, slightly less than the original value of 
24.63 MPa.m0.5, as can be seen in Figure 6.5. The reason for the slight reduction may be the 
low corrosion rates and depths of these specimens (discussed in Chapter 4), which did not 
facilitate crack propagation, compared with the specimens in soils with and without bacteria.  
 
Figure 6.5 Effect of SRB on KQ of specimens in different mediums over time  
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6.2.3 Relationship between fracture toughness and corrosion rates 
In this section, the KQ of cast iron is analysed as a function of corrosion rate in order to 
observe the relationship between the two measurements. The KQ of specimens were related 
with their corrosion rates obtained from various soil conditions of varying acidity and 
saturation (as discussed in Chapter 4). In addition, the corrosion rates of specimens due to 
bacterial action were related with their corresponding KQ and the results are presented here. 
The KQ and corrosion rates of various specimens were plotted together to observe the 
relationship between the two measurements, as shown in Figures 6.6 and 6.7.  These figures 
show that as time passes, the rates decline so as KQ in most of the soil conditions. After 545 
days all specimens corroded in various soil conditions showed a reduction in KQ from their 
respective un-corroded value. The reason for this decline may be the formation of micro-
cracks (Sanchez et al. 2008), very small pits at the notch tip of the specimens (Rajani 2002), 
or a combination of both factors. The empirical relations developed between the corrosion 
rates and the candidate fracture toughness of specimens obtained from various soil 
conditions and presented in Chapter 7 Section 7.3.3, indicates more clearly the relationship 
between the reduction of physical and property values. 
A progressive decline with time in KQ was observed for specimens in soils containing SRB, 
as shown in Figure 6.8, and the relationship between corrosion rates and KQ is direct. The 
reason for this decline, apart from the corrosion rates, may be the formation of pits near the 
notch tip, the action of hydrogen sulphide produced by bacteria (Enning and Garrelfs 2014), 
or bacterially-induced stress-corrosion cracking (Abedi et al. 2007). However, the bacterial 
action was found to be minimal in the culture medium, with no obvious change in KQ with 
respect to corrosion rate. This result was expected, due to the low corrosion rates obtained 
for the specimens in the culture medium.  
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Figure 6.6 Relationship between corrosion rates and KQ of specimens in soils of high 
saturation 
 
  
(a) 2.5 pH with 10 % Mc                                                    (b) 5 pH with 10 % Mc       
Figure 6.7 Relationship between corrosion rates and KQ of specimens in soils of low 
saturation 
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(a) In soil                                                   (b) In culture medium 
Figure 6.8 KQ and corrosion rates of specimens with SRB 
6.2.4 Effect of compositional change on fracture toughness 
Variation of the deficiency of key elements or intrusion due to corrosion may induce 
changes in fracture toughness, as it may lead to the facilitation of crack propagation or 
hindrance in the crack flow. There was a gradual decrease in the Fe, Si and Cr content of the 
specimens at the exterior surface over time, as discussed in Chapters 4 and 5. Moreover, 
there was a gradual increase in the oxygen and the chloride content of the specimens over 
time. Oxides are brittle in nature and chloride attack is the most localized attack that can 
result in pit formations or micro-cracks. These two reasons might have caused the reduction 
in KQ with maximum duration of testing. In addition, the discussion related to the change in 
the mechanical properties due to variation in elemental composition is already explained in 
Chapter 5, Section 5.5.4 of this thesis. In Chapter 7, the mathematical relations between KQ 
and elemental change due to corrosion will be presented. These relations will help in 
explaining the effect of elemental reduction on KQ. 
6.3 FRACTURE TOUGHNESS OF METAL PIPES IN SIMULATED 
SOIL SOLUTIONS 
This section presents and analyses the results for the candidate fracture toughness of various 
ferrous metal specimens in simulated soil solutions. First the results for the KQ of cast iron 
immersed in simulated soil solutions with the same pH as that of soil are presented. The 
purpose of the experiment was to observe the effect of acidity of simulated soil solutions on 
the KQ of the specimens. A comparison of the KQ of cast iron specimens in soil and 
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simulated soil solution is also presented. In addition, the effect of acidity in terms of pH on 
specimens made of mild steel and ductile iron was also investigated and the results are 
presented here.  
6.3.1 Cast iron 
The fracture toughness of the specimens in simulated soil solutions was measured at the 
designated times. The cast iron specimens removed from the solutions at the designated 
times were first cleaned for mass loss measurements and then fracture toughness testing was 
conducted. First, pre-cracking of the specimens was performed following the same 
procedure discussed in Chapter 3 Section 3.6.1. The specimens were then loaded to failure at 
a rate of 0.6 KN/min. The fracture toughness was calculated as per ASTM E 1820 (2013). 
The average fracture toughness of the specimens which were immersed in simulated soil 
solutions of varying pH (i.e., 2.5, 3.5 and 5 pH) were found to be the same after 180 days. 
However, after 365 days, the candidate fracture toughness of the specimens from various 
simulated soil solutions were reduced and found to be nearly equal to 21.95 MPaήm0.5 
(Figure 6.9), a 10.4 % reduction from their un-corroded value. This result is similar to that 
for specimens in soil of the same pH, for which the KQ values decreased after 365 days. The 
reduction of KQ in the solutions was again possibly due to pit formation at the crack tip or to 
the reduction of the key elements providing resistance to crack propagation, as explained 
earlier. A comparison of the KQ in soil and simulated soil solution (Figure 6.10), showed a 
greater reduction in the KQ of specimens in simulated soil solution than those in soil at 365 
days. Moreover, from the element composition of the specimens in simulated soil solution 
more reduction and variation was observed as compared to the similar pH soil conditions. 
Therefore, more variation in elemental composition of specimens may have brought more 
reduction in the KQ of specimens in simulated soil solutions. 
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Figure 6.9 Effect of varying acidity on KQ of specimen in simulated soil solution 
 
Figure 6.10 Comparison of KQ of cast iron in soil and simulated soil solution 
6.3.2 Mild steel  
After being removed from their pH solutions, all mild steel specimens were pre-cracked in 
fatigue at force values no greater than the force Pf calculated in accordance with the equation 
for SENB (Eq. 3.6) as per ASTM E 1820 (2013) with the following parameters: 
B = specimen thickness (mm) = 6mm 
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bo = original uncracked ligament: the distance from the original crack front to the back 
surface of the specimen at the start of testing (bo=w-ao) (mm) = (5.65-5.72mm) 
S = span = the distance between specimen supports in a bent specimen (mm) = (48 mm) 
Testing was conducted on a 100 KN servo-hydraulic MTS machine. The maximum fatigue 
load of approximately 0.9 KN was calculated using Equation 3.1. A pre-cracking sinusoidal 
frequency of 20-25 Hz was selected, as it is stated in the selected standard that there is no 
marked difference of frequency between 1-100 Hz. The number of cycles ranged from 
2400000 to 4100000. All tests were conducted at room temperature i.e., around 20 ºC. The 
pre-cracking procedure used for mild steel specimens was the same as that applied for the 
cast iron specimens described in Section 3.6.1 of Chapter 3. 
CTOD and equivalent fracture toughness 
The CTOD testing of the mild steel specimens was performed using the parameters provided 
in ASTM 1830 E (2013). The yield strength of the mild steel was 340 MPa and the elastic 
modulus was found to be 200000 MPa based on tensile testing as per ASTM E-08 (2013). 
The other values required for CTOD were rp = 0.44 and ڶ=0.3 and z = 1.55 mm (as 
described in Chapter 3 Section 3.6.2). The complete details of the outcome parameters of 
CTOD are mentioned in Table 6.1 with the calculated values of equivalent KQ (Eq. 3.11). 
Table 6.1 CTOD parameters obtained from tests and calculated KQ values of mild steel 
Conditions Days a(mm) 
CTOD 
(mm) KQ Vp(mm) P (N) 
Normal  0 6.53 0.424 169.8 1.85 2993 
Normal  0 6.53 0.52806933 189.496 2.3 3566 
Normal  0 6.53 0.4306 171.116 1.8 3200 
2.5 pH 180 6.5 0.3612 156.721 1.6 3200 
2.5 pH 180 6.53 0.36911139 158.428 1.72 2660 
2.5 pH 365 6.53 0.2667 134.7 1.2 2660 
2.5 pH 365 6.53 0.299 142.59 1.4 2920 
2.5 pH 365 6.51 0.3689 158.383 1.6 3100 
5 pH 180 6.5 0.42473125 169.946 1.85 2993 
5 pH 180 6.5 0.42675964 170.352 1.85 3200 
5 pH 180 6.53 0.39211543 163.291 1.7 2660 
5 pH 365 6.52 0.32148247 147.854 1.7 3200 
5 pH 365 6.53 0.34 152.053 1.81 2880 
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In Table 6.1, the CTOD values are in the range of 0.2667-0.528 mm, the load values are in 
the range of 2660-3566 N, and Vp is in the range of 1.2-2.3mm. The KQ values are in the 
range of 134.7-189.5 MPa.m1/2, clearly indicating the variation of KQ. Based on the KQ at 
different points in time (shown in Table 6.1), the values are quite close to each other. The 
average of the two near un-corroded values of KQ of mild steel was found to be 169.8 
MPaήm0.5. Consider Figure 6.11 which was drawn by taking average value of the two close 
points for the designated time intervals of 180 and 365 days for mild steel specimens in 2.5 
and 5 pH solutions respectively. The figure shows a clear reduction in the KQ of the 
specimens with time as KQ reduces from 170.45 to 157.57 and 138.65 MPaήm0.5 at the 180th 
and 365th day respectively. The reduction is about 7.56 and 18.65 % of the un-corroded 
candidate fracture toughness of the mild steel specimens in 2.5 pH at 180 and 365 days of 
corrosion, respectively. This reduction is possibly due to the development of corrosion pits 
near the notch tip (reported by Rajani 2000) which facilitate crack propagation, resulting in 
lower values of KQ.  
Similarly, specimens in 5 pH solution showed a decline in KQ (166.618 MPaήm0.5) at 180 
days (Figure 6.11) for the same reason as that provided earlier for 2.5 pH. After 365 days, 
the value of KQ reduced further (149.953 MPaήm0.5) from the value obtained at 180 days. The 
reduction in toughness of mild steel specimens in simulated soil solution of 5 pH is 2.25 and 
12.030 % at 180 and 365 days, respectively. A comparison of the results for the KQ of the 
mild steel specimens in varying pH solutions (Figure 6.11) shows that a greater reduction 
was observed in specimens from the 2.5 pH solution over time compared with that of the 
specimens in 5 pH simulated soil solution, indicating the direct effect of pH on the KQ of 
mild steel. 
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Figure 6.11 Effect of corrosion on KQ of mild steel in varying acidity soil solutions  
6.3.3 Ductile iron 
The dimensions of the ductile specimens were the same as those of the mild steel specimens. 
Moreover, the pre-cracking, final failure procedure and calculations were also exactly the 
same as that for mild steel specimens. Therefore, for further details, refer to Section 6.3.2. 
The CTOD test results of ductile specimens shown in Table 6.2 indicate that, similar to the 
mild steel specimens, there is a clear trend of reduction in the candidate fracture toughness 
values of the specimens at each designated time. The CTOD was found to be between 
0.0311-0.0507, the load values ranged from 2156 to 3210 N and the Vp ranged from 0.135-
0.22 (mm).  
Table 6.2 parameters obtained from the test and KQ values of ductile iron 
Conditions Days a(mm) 
CTOD 
(mm) KQ Vp(mm) P (N) 
Normal  0 6.53 0.0507 44.52 0.22 2860 
Normal  0 6.53 0.041 40.04 0.18 2356 
Normal  0 6.52 0.043 41.00 0.19 2460 
2.5 pH 180 6.51 0.037 38.04 0.16 3210 
2.5 pH 180 6.5 0.0391 39.10 0.17 2156 
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2.5 pH 365 6.51 0.0346 36.78 0.15 2810 
2.5 pH 365 6.53 0.0323 35.54 0.14 2930 
2.5 pH 365 6.53 0.0311 34.87 0.135 2356 
 
Consider Figure 6.12 drawn by taking averages of two close values of fracture toughness at 
time intervals of 180 and 365 days for ductile specimens in 2.5 pH solution. This figure 
indicates that the KQ of the specimens reduces with time from 40.52 to 38.56 MPaήm0.5 at the 
180th day and then dropped to 35.20 MPaήm0.5 at the 365th day. The reduction is about 4.83 % 
and 13.62 % of the un-corroded candidate fracture toughness of the ductile specimens at 180 
and 365 days, respectively. This reduction in KQ may be due to the development of corrosion 
pits near the notch tip that facilitates crack propagation, hence resulting in reduced values of 
KQ.  A simple linear relationship is also shown in Figure 6.12 with R2= 0.977 to indicate the 
high correlation between pH and reduction in KQ of ductile iron. 
Moreover, it should be noted that the fracture toughness of the ductile iron specimens is less 
than the fracture toughness of the steel specimens. Ductile iron has been reported as having 
plane-strain toughness values ranging from 20-31 MPaήm0.5 for 400 SG ductile iron (AS 
1831 2007). In the present research, slightly higher plane-strain fracture toughness values 
were obtained, because of the thickness of the specimens was much thinner than that 
required for the plane-strain thickness criterion. In plane stress condition, the size of the 
plastic zones are much bigger at the notch tip compared with the plane- strain condition, 
resulting in larger values of the fracture toughness in plane stress conditions upon testing 
(Shaukla 2005). 
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Figure 6.12 KQ of ductile iron in simulated soil solution   
6.4 TENSILE PROPERTIES OF MILD STEEL 
6.4.1 Short-term study 
This section analyses the effect of corrosion on the tensile strength of mild steel specimens 
in the  short term (i.e., for a duration of 28 days) in highly corrosive simulated soil solutions. 
The gauge length area of the uniquely designed tensile specimens as discussed in Chapter 3, 
Section 3.4.3 was exposed to the corrosive soil solutions and the impact of corrosion on the 
tensile, yield, ultimate and strain values at failure was determined. For this short-term study, 
the specimens were tested at 7, 14 and 28 days of. The test results and their analysis are 
presented in this section. 
Mechanical tests were conducted at the set times on the specimens in four sets of solutions to 
obtain their yield strength, ultimate strength, and failure strain. Next, the results were 
compared with those of un-corroded specimens. The specimens most affected by corrosion 
and subsequent hydrogen release were found to be those immersed in -0.48 and 0 pH (HCl) 
solutions. The specimens in -0.48 and 0 pH solutions lost ductility as their failure strains        
( i.e., the strains at rupture of the specimens), reduced successively upon completion of each 
time period up to 28 days, as shown in Figure 6.13. The failure strains of specimens at the 7th 
day were found to be 0.38, 0.36, 0.3 and 0.21 for 5, 2.5, 0 and -0.48 pH solutions, 
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respectively. These failure strains were lower than the un-corroded specimen’s failure strain 
of 0.45, indicating a reduction with the increase of corrosion. When the specimens were 
tested on the 28th day, the failure strains were further reduced to 0.2, 0.12 and 0.0045 and 
0.0031 in 5, 2.5, 0 and -0.48 pH solutions, respectively. These measurements indicate that 
there was a decline in the failure strain of specimens as time passed in all four solutions. 
Figure 6.13 also suggests that the failure strains of the specimens in the -0.48 pH solution 
showed the greatest reduction because of the highest concentration of H+ ions in this 
solution, which cause embrittlement of steel due to their diffusion into the steel body. The 
reduction in failure strains is termed ductility loss in this research. These results are 
consistent with recently published research (Li et al. 2016) related to the hydrogen effect on 
tensile properties.  
 
Figure 6.13 Change in failure strain of mild steel in various solutions  
The yield strengths of the specimens at the 7th, 14th and 28th days of immersion in different 
solutions are shown in Figure 6.14. In contrast to the failure strain, the yield strength of 
specimens showed mixed reactions after 7 days of corrosion. In Figure 6.13, it is evident that 
the specimens immersed in -0.48 pH solution degraded the most, i.e., the yield strengths are 
the least (306.45 MPa) compared with other specimens. The yield strength of the un-
corroded specimen was 347.49 MPa. Similar to the failure strain results, the yield strength of 
specimens was further degraded and reached 214.48 MPa in -0.48 pH solution after 28 days. 
Moreover, the yield strength (288.30 MPa) of specimens immersed in 0 pH solution was 
245 
 
found to be lower than the that of the un-corroded specimen after 28 days. The percentage 
reduction after 28 days was 38 and 18 % in -0.48 pH and 0 pH solutions respectively (Figure 
6.14 (b)). However, the decline in yield strength in the other two soil solutions was not  
significant, due to their high pH (2.5 and 5) compared with the -0.48 and 0 pH (HCl) 
solutions. It was found that the coupled effect of Cl and H+ resulted in greater reduction of 
the yield strength of specimens in HCl solutions.    
Moreover, the ultimate strengths of the specimens at the 7th day of corrosion showed a 
similar trend to that of the yield strength results, i.e., no significant change in the ultimate 
strength was observed at the 7th day, as shown in Figure 6.15. However, after 28 days, the 
ultimate strength of the specimens in -0.48 pH solutions significantly reduced from 426.84 
MPa to 214.48 MPa, indicating the severity of corrosion. The comparative ultimate strengths 
of different specimens at the 7th, 14th and 28th days are presented in Figure 6.15. The change 
in mechanical properties of the specimens in the 2.5 and 5 PH solutions was small because 
of the low acidity of these solutions compared with the -0.48 and 0 pH solutions. In addition, 
corrosion is a slow process that takes time to occur, and in the present research, the duration 
of testing was 28 days, which is probably insufficient to cause mechanical change for a pH 
of 2.5 and 5 in this short period of time. 
 
  (a) Yield strength of specimens in various solutions 
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(b) Percentage change in yield strength in HCl solutions 
Figure 6.14 Change in yield strength of specimens in various solutions 
 
 (a) Ultimate strength of specimens in various solutions  
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(b) Percentage change in ultimate strength in HCl solutions 
Figure 6.15 Change in ultimate strength of specimens in various solutions 
 
6.4.2 Long-term study 
The long-term impact of corrosion on the tensile properties of mild steel specimens was also 
investigated by selecting a similar simulated soil solution environment to that used for 
fracture toughness testing, as discussed in an earlier section of this chapter. The purpose of 
conducting long-term tensile testing was to investigate the extent to which corrosion 
influences tensile properties such as yield, ultimate, and failure strain in high and low acidity 
simulated soil environments. The findings of such investigations can improve the 
manufacturing process of steel and help asset managers to devise repair and maintenance 
strategies. Details of the analysis of the test results are presented in this section. 
Mild steel tensile specimens were immersed in 2.5 and 5 pH simulated soil solutions, as 
explained in Section 3.4.2 of Chapter 3. The specimens were removed from their respective 
solutions at 28, 180 and 365 days of corrosion and tested for tensile strength after the 
corrosion products were removed. The test results were compared with those for un-corroded 
tensile specimens, as shown in Figure 6.16 and Figure 6.17. Figure 6.16 shows that there is a 
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perfect trend of gradual reduction in the yield, ultimate and strain values to the failure of the 
specimens. The yield strength of the specimens reduced from 339 MPa to 315.47, 287.7, 
278.64 MPa at 28, 180 and 365 days in 2.5 pH respectively. These results indicate the 
continuous decline with time in yield strength. The percentage reduction in yield strength 
was found to be 17.8 % after 365 days, which is quite significant and if yield strength 
reduced at the same rate in this environment there would be 100% reduction after 5.67 years, 
which is quite alarming. Similarly, the reduction in ultimate strength was found to be 420.28, 
390.8 and 367.187 MPa after 0, 28, 180 and 365 days respectively. This result again shows a 
continuous decline over time and the total reduction after 365 days was found to be 12.68 %. 
The strain at failure commonly termed as ductility, also reduced successively with time. The 
failure strain reduced to 0.409, 0.3496, 0.313 after 28, 180 and 365 days respectively from 
the un-corroded failure strain of 0.455, further corroborating the objective of the research 
that corrosion reduces the mechanical properties of pipes. 
 
Figure 6.16 Stress-strain curves of mild steel specimen in soil solution of 2.5 pH over time 
The effect of corrosion of mild steel in a low acidity soil solution of 5 pH was also 
investigated. Similar to the specimens in 2.5 pH soil solution, a decrease in the tensile 
properties (i.e., yield, ultimate, and failure strain) was found at the 180 and 365 days 
respectively. No reduction in the yield strength was found at 28 days, as shown in Figure 
6.17. However, as time passed, a reduction was observed, and the yield strength was found 
to be 327.9 and 322.9 MPa after 180 and 365 days respectively, as shown in Figure 6.17. 
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The result shows a total reduction of almost 5%, which is not as significant as that for 
specimens in 2.5 pH solution, because of the high acidity of 2.5 pH which induced more 
corrosion for the duration of testing. 
 
Figure 6.17 Stress-strain curve of mild steel specimen in soil solution of 5 pH over time 
Section 5.5.4 of Chapter 5 of this thesis can be referred for discussion on the change in the 
mechanical properties of mild steel. 
6.5 NANO-MECHANICAL PROPERTIES  
A change in bulk properties takes considerable time under normal conditions and a highly 
corrosive environment is required to induce such a change, which is sometimes very small 
and also takes some time in the laboratory. It is well known that any corrosive environment 
first attacks the exposed surface of metal, which deteriorates with time and rust appears on it, 
which is an indicator of corrosion. The corrosion process induces compositional change, as 
found in the present research (see Chapters 4 and 5). Some key compositional elements of 
the metal at the exterior exposed surface are reduced, and some elements from the corrosive 
environment diffuse into the metal, depending on its porosity. Such changes in the 
compositional elements (intrusion and reduction) are capable of causing changes in the 
crystal lattice and in the grains, which may change the mechanical properties of the metal at 
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the micro- and nano-levels. Moreover, it is quite possible that the first change occurs at the 
smallest level (nano- and then micro-) before reaching the bulk material. Therefore, in the 
present research, the nano-mechanical properties of corroded cast iron, ductile and mild steel 
specimens were determined after a long duration to observe the impact of corrosion at the 
grain and at the crystal lattice. Nano-mechanical testing was conducted for short and long 
durations. For the short duration tests, mild steel specimens were immersed in extremely 
acidic HCl solutions and the influence of corrosion and liberated hydrogen on the 
mechanical properties was evaluated. For the long-term study, cast iron specimens that were 
buried in soil, and ductile and mild steel specimens immersed in simulated soil solutions 
were tested after 545 and 365 days respectively in a nano-indenter. It is highlighted in this 
section that the nano-mechanical properties must be examined to evaluate the influence of 
small elements like hydrogen as a product of corrosion on the grains and the crystal lattice of 
metals. 
6.5.1 Cast iron 
This section reports the results of the nano-mechanical testing of cast iron specimens after 
545 days of corrosion in their respective soil environments. The effect of varying acidity and 
saturation on the nano-mechanical properties i.e., hardness and elastic modulus is analysed 
and the results are presented here. 
Effect of varying acidity in highly saturated soil 
After conducting, macro mechanical property test i.e., fracture toughness after 545 days of 
corrosion, specimens were tested in a nano-indenter to observe the change in their elastic 
modulus and hardness. Testing of the areas near the pits of the various specimens revealed 
that the nano-elastic modulus and hardness were considerably reduced. Interestingly, the 
specimens most affected from a nano- mechanical perspective were again the specimens 
buried in low acidity (5 pH) and highly saturated (80 %) soil, which showed high corrosion 
and bulk mechanical property change. The smallest elastic modulus and hardness near the 
corroded area was found to be 3.2 and 0.46 GPa for specimens in low acidity and highly 
saturated soil, while the highest values were 51.20 and 6.180 GPa for elastic modulus and 
hardness respectively in the selected area, as shown in Figure 6.18. Note that the nano- 
mechanical properties obtained from the indenter are reduced properties, as discussed above. 
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The reduced properties are presented in this section as the intention was to observe the 
relevant changes due to corrosion and the hydrogen effect, and not to determine the 
mechanical properties. 
 
Figure 6.18 Nano- mechanical properties of cast iron in soil of low acidity (5 pH) and high 
saturation (80%) 
The smallest nano-eleastic modulus and hardness of 35 and 0.8 GPA respectively were 
obtained for the specimen in 3.5 pH and 80 % saturated soil (Figure 6.19). The highest 
values were 167.5 and 5.88 GPa for elastic modulus and hardness, respectively. It is 
important to mention that although they are reduced, the elastic modulus values are higher 
than those reported in the literature for cast iron specimens as discussed in the literature (AS 
1830 2007). The reason for this may be the carbon content of the specimen, and when the 
indenter hit the carbon elements, high values of elastic modulus were obtained. To avoid 
confusion, some high values of modulus obtained at some points of the testing were 
removed from the analysis.  
252 
 
 
Figure 6.19 Nano- mechanical properties of cast iron in soil of low acidity (3.5 pH) and high 
saturation (80%) 
Similarly, the smallest nano-mechanical properties on the selected corrosion areas for the 
specimens buried in high acidity (2.5 pH) solution with the same saturation of 80 % were 
found to be 9.4 and 0.3 (Figure 6.20), while the highest values obtained were 79.4 and 8.123 
GPa for elastic modulus and hardness respectively. With the exception of 0.3 GPa for 
hardness of a specimen for this soil condition, the other smallest and largest nano- 
mechanical properties were less those for the low acidity (5 pH) soil.  
 
Figure 6.20 Nano- mechanical properties of cast iron in soil of high acidity (2.5 pH) and 
high saturation (80%) 
253 
 
Effect of varying acidity in low saturated soil 
The nano-mechanical properties of specimens in varying acidity and low saturated 
conditions were also measured. The smallest values of 124.2 and 4.2 GPa for elastic 
modulus and hardness were obtained for a specimen in 5 pH and 40 % saturated soil, while 
the highest values were 164.8 and 7.8 GPa for elastic modulus and hardness respectively 
(Figure 6.21). The specimen in highly acidic (2.5 pH) soil with low saturation was also 
found to have reduced modulus and hardness of 24 and almost 1 GPa respectively, while, the 
highest values obtained were 164.5 and 9.7 GPa (Figure 6.22). 
Based on all the test results of cast iron specimens it is obvious that not only the macro-
mechanical properties, but also the nano-mechanical properties are affected by corrosion. 
This is possibly due to the hydrogen released from the corrosion process entering into the 
crystal lattice and degrading the mechanical properties at the very smallest level quantifiable. 
 
Figure 6.21 Nano- mechanical properties of cast iron of low acidity (5 pH) in soil of low 
saturation (40%)  
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Figure 6.22 Nano- mechanical properties of cast iron of high acidity (2.5 pH) in soil of low 
saturation (40%) 
6.5.2 Mild steel 
After macro-mechanical testing such as fracture toughness and tensile testing, mild steel 
specimens immersed in 2.5 and 5 pH soil solution were also tested elastic modulus and 
nano-hardness after 365 days. Steel is the most commonly-used ferrous metal in the world in 
the construction and repair industries, and pipeline manufacturing, and a wide range of steel 
products is manufactured by various companies. Therefore, finding the influence of 
corrosion on the mechanical properties of steel is of prime importance.  
After 365 days of corrosion, the smallest elastic modulus and hardness of the mild steel in 
simulated soil solution of 5 pH was found to be 125.8 and 5.78 GPa near the heavily 
corroded area, as shown in Figure 6.23. This result indicates that the overall modulus has 
reduced, since short-term testing (discussed in the following paragraphs) found the elastic 
modulus to be in the range of 185-200 GPa from nano-tests on un-corroded steel. The range 
of elastic modulus of the specimen was 125.8-155.3 after 365 days, while there was a 
minimal effect on the nano-hardness of the mild steel ranging 3.8-5.78 GPa for the selected 
area. 
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Figure 6.23 Nano-mechanical properties of steel at 365 days of corrosion in 5 pH soil 
solution 
Similarly, for the mild steel specimens immersed in high acidity simulated soil solution of 
2.5 pH, reductions in the elastic modulus and the hardness were observed. The reduction was 
even more pronounced and uniform in the case of specimens in 2.5 pH solution, as the 
elastic modulus of the selected indent area was found to be in the range of 118.2-129.2 GPa, 
while the hardness was found to be in the range of 4.5-6.57 GPa (see Figure 6.24). 
 
Figure 6.24 Nano-mechanical properties of steel at 365 days of corrosion in 2.5 pH soil 
solution 
The nano-mechanical testing of mild steel and ductile iron specimens immersed in varying 
acidity solutions for the duration of one year suggest that the reduction in mechanical 
properties is influenced by the acidity in these two metals. In the case of cast iron specimens, 
the low acidity saturated soil condition caused greater reductions in elastic modulus and 
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hardness. The consistency and replicability of the results of the nano-mechanical testing on 
different types of ferrous specimens corroborate the authenticity of the testing, the test 
procedure, and the reliability in relation to the phenomenon of mechanical property 
reduction due to corrosion at the nano-level. 
For further authentication, nano-mechanical tests were also conducted on mild steel 
specimens that were immersed in highly acidic HCl solutions of 1M and 3M. The purpose 
was to observe how an extremely corrosive environment rich in hydrogen and chloride 
affects the nano-mechanical properties. The nano-mechanical testing was conducted at the 
7th and 28th days of corrosion near the corrosion pits. The results for mild specimens in 3M 
can be seen in Figure 6.25. The test results at 7 days  shown in Figure 6.25 (a), show that the 
elastic modulus is in the range of 168.1-199.7 GPa, and the lowest elastic modulus of 168.1 
is about 15.8 % lower than the 199.7 GPa obtained on the 7th day. The hardness was also 
found to be significantly reduced i.e., a 26.8 % reduction to 1.85 from 2.53 GPa. 
 
a) Nano-mechanical properties at 7 days of mild steel in 3M (-0.48 pH) 
The nano-mechanical properties of mild steel further reduced as time passed in 3M solution 
(see Figure 6.25(b)). The lowest elastic modulus of 107.4 was obtained, which was 35 % 
less than the highest value obtained at this time i.e., 165.6 GPa. Based on a comparison of 
the lowest value of elastic modulus at the 28th day (i.e., 107.4 ) with the 7th day highest value 
of 199.7, a reduction of about 46.2 % can be estimated.  
Similarly, the hardness values were reduced in the range of 1.375 to 2.93 GPa, indicating a 
reduction of 51.4 %, which is again quite significant. 
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b) Nano-mechanical properties at 28 days of mild steel in 3M (-0.48 pH) 
Figure 6.25 Nano-mechanical properties of mild steel in 3M solution 
The nano-mechanical properties of mild steel in 1M solution at the 7th and the 28th day were 
also determined. Te lowest elastic modulus and hardness was found to be 165.7 and 2.176 
GPa respectively at the 7th day, while the highest values were found to be 198 and 2.826 GPa 
for elastic modulus and hardness, respectively. These values were reduced upon reaching 28 
days as the elastic modulus and hardness further reduced to 116.9 (41% of the maximum 
value at the 7th day) and 2.176 (24 %) of the maximum value at the 7th day (Figure 6.26). 
 
a) Nano-mechanical properties of mild steel at 7 days in 1M (0 pH) 
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b) Nano mechanical properties of mild steel at 28 days in 1M (0 pH) 
Figure 6.26 Nano-mechanical properties of mild steel in 3M solution 
6.5.2 Ductile iron  
The nano-mechanical properties of ductile iron specimens after 365 days of corrosion were 
also determined in order to determine the effect of corrosion on their elastic modulus and 
hardness values. Ductile iron has greater fracture toughness than cast iron because of its 
spheroidal-shaped graphite, which not only provides resistance to corrosion but also 
improves its mechanical properties. The results of the nano-mechanical testing of the 
selected area near the most corrosion-affected area are shown in Figure 6.27. 
 
Figure 6.27 Nano-mechanical properties of ductile iron at 365 days of corrosion in simulated 
soil solution of 2.5 pH 
When the indents were conducted near the highly corroded area, reduced values of 23 and 
0.85 GPa for elastic modulus and hardness respectively were obtained, while the highest 
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values of 185 and 7.040 GPa for modulus and hardness respectively were determined for the 
same corroded area. This result further corroborates the experimental objectives and findings 
that corrosion can influence the mechanical properties of metal, even at the nano-level. 
Finally, it is evident from nano indentation tests that corrosion affects the nano-mechanical 
properties of ferrous metals such as cast iron, ductile iron and steel.  The test results and data 
collected in the current research are highly useful for the long-term prediction of the life of 
buried structures. 
6.6 SUMMARY 
The key findings of this chapter are summarised in this section. Based on thorough analysis, 
the candidate fracture toughness (KQ) of cast iron reduces over time, with tangible 
reductions being seen in specimens corroded severely for 545 days in soil conditions. The 
coupled effect of low acidity and high saturation induces greater reduction in toughness i.e., 
17 % in the long term compared with other conditions. Moreover, due to the action of 
sulphate reducing bacteria in soil, a considerable reduction in the KQ of cast iron specimens 
(i.e., 16.19 %) was found after 365 days of corrosion. The reason for the reduction in KQ of 
cast iron specimens in various conditions could be due to the depth of corrosion at the notch 
tip, which could have facilitated crack propagation more than in un-corroded specimens.  
The effect of corrosion on the progressive reduction of KQ of cast iron, mild steel and ductile 
specimens was seen in simulated soil solutions of varying pH over time. The reason for the 
decline may again be localized corrosion attack, which facilitates faster crack propagation 
than the natural condition of specimen without corrosion. 
Tensile strength is one of the key parameters for the design of steel structures such as 
pipelines. Therefore, in this research, the influence of short- and long-term corrosion on mild 
steel was investigated. Short-term immersion tests in highly acidic HCl solutions of 3M and 
1M, produced 38 and 18 % reduction in yield strength respectively after 28 days, while 
almost 18% reduction in the yield and 13 % in the ultimate strength of mild steel specimens 
immersed in simulated soil solution of 2.5 pH were seen after 365 days. A similar trend but 
with less reduction was found for mild steel specimens in a comparatively low acidity 
environment. 
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In addition to the successful macro-scale mechanical testing of three ferrous metals i.e., cast 
iron, ductile and mild steel for fracture toughness, and tensile testing of mild steel specimens 
only, nano-mechanical testing of these three metals was also conducted to observe the 
influence of corrosion at nano-level. The results of nano- mechanical testing further support 
the idea that corrosion not only influences the macro-properties but even influences the 
nano-mechanical properties of metals.  
In summary, corrosion influences the mechanical properties of ferrous metals. However, its 
influence is more pronounced in metals where some defects exist in the metal causing 
degradation of mechanical properties. The outcomes of this chapter have practical 
application in the field for predicting failure due to corrosion of buried pipes. The results 
may serve as a benchmark and help asset managers to devise strategies for repair, and assist 
researchers to explore and develop new corrosion protection techniques considering the 
mechanical properties of metals. 
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CHAPTER 7 MODELS 
7.1 INTRODUCTION 
This chapter presents the models developed from the results obtained from various 
experiments conducted on metal specimens exposed to various soil and simulated soil 
solution conditions (discussed in chapter 4, 5 and 6). First, corrosion models developed from 
the findings of corrosion of cast iron in soil (Chapter 4) and simulated soil solutions 
(Chapter 5) are presented in this chapter. Models proposed for the prediction of corrosion 
rates and corrosion pit depth both as a function of pH, moisture content, and resistivity are 
presented. Models showing the relationship between compositional change due to corrosion 
and corrosion rates with time were also formulated and presented. 
As the corrosion process found to induce a change in the candidate fracture toughness (KQ) 
of the cast iron as discussed comprehensively in chapter 6, therefore, a variety of models 
related to the effect of corrosion on the candidate fracture toughness (KQ) of the cast iron 
buried in various soil and simulated soil solutions were developed and presented in this 
chapter. Moreover, the correlation models for the corrosion and the candidate fracture 
toughness of cast iron in soil and simulated soil solutions are developed based on the results 
obtained and discussed in Chapter 5 and 6 respectively.  
In addition to cast iron, models for corrosion and KQ of steel as a function of pH and element 
change over time are also presented in this chapter respectively. Moreover, keeping in mind 
the importance of yield strength of the steel as an integral component of design; models for   
predicting the influence of corrosion on the yield strength of steel are developed and 
presented in this chapter. The input data for all the models of steel were taken from Chapter 
5 (related to corrosion) and Chapter 6 (related to KQ and yield strength). Furthermore, simple 
linear models for corrosion rate and KQ of ductile iron are also presented in this chapter. 
For modelling purposes, SPSS was used, and all the multiple regression models were 
developed using it. SPSS is a reliable and accurate statistical software package for the 
analysis of a variety of research and business problems (Tabachnick and Fidell 2007). It is 
equipped with a range of techniques including ad-hoc analysis, hypothesis testing and 
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reporting. Moreover, managing data, selection and performance analysis are quite simple 
and quick. SPSS generates self- explanatory reports of the statistical analysis executed by it. 
Version 23 of SPSS was used for the analysis of the experimental data in the current 
research. After inputting the variables following the described procedure in the SPSS manual 
(Pallant 2013), standard multiple regressions were carried out by SPSS for all the models 
listed above. 
The models presented in this chapter are significant for a number of reasons. First, practical 
and field-oriented corrosion models are generated for accurate prediction based on the 
experimental results. The new models proposed here can make accurate corrosion prediction 
of cast iron pipes for corrosion consultants, since these models are based on the most 
common factors affecting corrosion in soil. Second, a new KQ model is proposed for cast 
iron pipes as a function of corrosion rates and the corresponding change in the composition 
of cast iron. This model can predict sudden catastrophic failure that occurs in cast iron pipes. 
Therefore, the use of this model such failures can prevent catastrophic failure or remedial 
work can be planned before such failure occurs. Third, the yield strength model proposed 
and analysed in this chapter can be used as a benchmark for the prediction of the service life 
of steel pipes and even for steel structures in general. 
7.2 MULTIPLE REGRESSION  
This section explains the basics of multiple regression techniques for the development of 
models. The research questions multiple regression can answer are presented in this section. 
Furthermore, different types of multiple regression methods that can be carried out using 
SPSS are also presented  
7.2.1 Basics of multiple regression  
Multiple regression is a reliable technique to determine the relationship between a dependent 
variable and an independent variable or variables. Multiple regression is based on the 
correlation between the variables. Multiple regression can explore a complex and 
sophisticated inter-relationship between the independent variables and a dependent variable. 
For this reason, multiple regression is an ideal technique for the analysis of findings of 
research based on laboratory experiments.  
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Moreover, multiple regression can assist in evaluating the critical variables of a model and 
help in deciding the less useful variables. Hence, the number of variables can be controlled 
by multiple regression.  
In summary, multiple regression can answer various statistical research questions, including 
the following (Tabachnik and Fidell 2007): 
x How does a set of variables enhance the predictive capability of a model (a specific 
outcome)? 
x Which variable suits the most or defines a model? 
x Which variable or variables can be removed from a model? 
Multiple variable regression is carried out with theoretical and sound conceptual reason for 
the analysis of findings of research. The common representation of the multiple regression 
equation of independent variables x1, x2… xk is as follows (Devore 2008): 
                                 Y= ȕ0+ ȕ1x1+ ȕ2x2 + … ȕkxk                                                               (7.1) 
Equation 7.1 describes the Y value as a function of x in simple linear regression; the true 
regression function gives the expected or predictable value of Y as a function of x1, x2….xk. 
The ȕs are the true regression coefficients. The regression coefficient ȕ1 is interpreted as the 
expected change in Y associated with a 1-unit increase in x1 while x1, x2….xk are held fixed. 
Similar explanations hold for ȕ  .ȕk. For more details, refer to Aiken (1991), Tabachnik and 
Fidell (2007), Devore (2011), and Garson (2014).  
7.2.2 SPSS software 
SPSS is a reliable, accurate and quick tool for carrying out multiple variable regression 
analysis. There are a number of methods by which multiple regression analysis can be 
carried out in SPSS, including standard, hierarchical or sequential and step-wise regression. 
Standard multiple regression is the most common technique used for analysis (Tabachnick & 
Fidell 2007). In this technique, every independent variable of an experiment or any outcome 
is entered into the model simultaneously. Each variable of the model is checked for 
predictive capability individually. In sequential multiple regression the order of variables is 
of prime importance, which has a theoretical basis. The predictive capability of the 
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dependent variable is governed by the variables or sets of variables which are entered in 
steps by controlling the previous variables. In step-wise regression, the number of variables 
and their order in the equation are selected by the SPSS program itself. The selection for this 
type of regression could be forward, backward and step-wise. For more details see 
Tabachnick & Fidell (2007, p. 138).  
In the present study standard multiple regressions were carried out considering the size and 
limitations of the data by following the steps/checks required to create a reliable model in 
SPSS. In this chapter the concepts used in SPSS, the terms and limitations, threshold values, 
and the acceptance and rejection criteria of the variables for all the models are thoroughly 
discussed. Furthermore, the Pearson coefficients of selected models are outlined.
7.3 MODELS FOR CAST IRON 
This section presents a number of corrosion models developed based on the findings of 
various experiments conducted in the study. The first corrosion model presented in this 
section is for corrosion maximum pit depth developed as a function of the pH, moisture 
content, and resistivity of clay soil. The second model has the same independent variables, 
but the dependent variable is corrosion rate. The third model presented in this section is for 
corrosion rate as a function of elemental change over time.   
7.3.1 Model for corrosion pit depth  
The model was created for the prediction of pitting depth of cast iron buried in clay soils 
using SPSS. The independent variables of the models were moisture content, resistivity, and 
pH of the soil, whereas, density, chlorides, nitrates, sulphates, thickness and the depth of 
burial of the specimens in clay soil and their exposure time were constants for the regression 
model of pit depth. Since the values of constants are discussed in Chapter 3 of this thesis, 
they are not mentioned again in this section. The input parameters for the model are shown 
in Table 7.1. Note that to avoid repetition various statistical terms, threshold values, and the 
different linearity checks are discussed in detail for the first model only.  
Maximum pit depth as a function of pH, moisture content, resistivity and 
exposure time. After inputting the variables in SPSS and running a standard multiple 
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regression, a report of the model outputs is generated. Using the unstandardized Beta values 
obtained from the outputs of the model (mentioned in Table 7.4), the following equation 
(Eq.7.2) was developed:  
 ൌ െͲǤͲͲ͹ ൈ  െ ͲǤ͵ͷͺ ൈ  െ ͲǤ͸ͺͶ ൈ  ൅ ͲǤͳͶ͸ ൈ  ൅ ͳͻǤ͸ͳͳ                    (7.2)                        
where, Mc= moisture content in %, R= resistivity in -cm, and T= time in years. 
The R square of 0.801 and the adjusted R square of 0.641 from the model is shown in Table 
7.2. The R square of this model explains 80 % of the variance in the corrosion depth due to 
independent variables, which is an indicator of the model’s efficacy and its strength in 
prediction. Therefore, overall the proposed linear model predicts corrosion depth with 
accuracy. The accuracy of predictions is also determined by the standard error of the 
estimate, which is defined as the square root of the average squared deviation from the mean 
value. Based on the model results, a very low standard error estimate of 0.089 was obtained, 
as shown in Table 7.2.
The statistical significance of the model is accessed by analysis of variance (ANOVA). 
ANOVAs are useful for comparing (testing) three or more means (groups or variables) for 
statistical significance. The proposed model indicates high statistical significance (Sig. = 
.053; which is close to p<0.05). The results of the ANOVA analysis obtained from SPSS are 
shown in Table 7.3. In this table, df is the degree of freedom which is defined as the number 
of values in the final calculation of a statistic that are free to vary.  
Table 7.1 Test data for corrosion depth model 
Corrosion 
depth 
(mm/year) pH 
MC 
(%) 
Resistivity  
(ohm-cm) 
Time  
 
(year) 
0.25 2.5 20 18.1 1.5 
0.149 3.5 20 18.3 1.5 
0.45 5 20 18.01 1.5 
0.15 2.5 10 23.46 1.5 
0 2.5 20 23.46 0 
0 3.5 20 23.46 0 
0 5 20 23.46 0 
0 2.5 10 23.46 0 
0 5 10 23.46 0 
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Table 7.2 Summary of model 
 
Model 
R 
R 
Square 
Adjusted 
R Square 
Std. Error 
of 
estimate 
0.895 0.801 0.641 0.089514 
 
Table 7.3 ANOVA of model 
 
Model Sum of Squares df 
Mean 
Square F Sig. 
Regression 0.159 4 .040 5.021 .053 
Residual .040 5 .008 
Total 0.199 9 
 
Table 7.3 shows a low residual value of 0.040. The residual (e) can be defined as the 
difference between the observed value of the dependent variable (y) and the predicted value 
y^. Each data point of the analysis or fitted regression line has one residual. Both the sum of 
squares and the mean squares of the residuals are also almost zero. The residual is calculated 
by Eq. 7.3 as follows: 
     Residual = Observed value - Predicted value                                  
                                                         e = y – ǔ                                                                     (7.3) 
F in Table 7.3 is the distribution which is an indicator of the relationship between the 
dependent and independent variables. It is defined as the ratio of the mean square and the 
residual mean square of the model. Moreover, in the histogram of the standardized residuals 
with pit depth as a dependent variable, a normal distribution can be seen with the standard 
deviation of residuals of 0.745 along with a sample size (N) of 10, as shown in Figure 7.1.  
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Figure 7.1 Normal distribution of regression standardized residual with pit depth as 
dependent variable 
SPSS can check outliers, normality, linearity, homoscedasticity, and the independence of 
residuals. One of the ways that these assumptions are checked is by inspecting the normal 
probability plot (P-P) of the regression standardized residual and the scatter plot. In a normal 
P-P plot, it is expected that the points lie along the diagonal line from bottom left to top right 
and there are no significant deviations from normality and linearity. Therefore, the P-P plot 
was generated for the model, as shown in Figure 7.2. This figure shows that most of the 
points are along the diagonal line, indicating the linearity of the model. The scatter plot 
(Figure 7.3) of the regression shows no outliers and scattered values, which further indicate 
the model’s strength. It is recommended to have an almost rectangular shape of the scattered 
points, but due to the small sample size of the model, this rectangular shape is not attained in 
this model.  
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Figure 7.2 Normal probability plot (P-P) of regression standardized residual of corrosion pit 
depth 
 
 
Figure 7.3 Scatter plot of standardized residuals and predicted values 
However, there are some other checks which identify the existence of multi-collinearity by 
two values; tolerance and VIF. Tolerance is an indicator of how much of the variability of 
the specified independent is not explained by the other independent variables in the model. If 
this value is very small (less than .10), it indicates that the correlation with other variables is 
high, suggesting the possibility of multi-collinearity (not suited for multiple linear 
regression). Moreover, the variance inflation factor (VIF), which is simply the inverse of the 
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tolerance value (1 divided by the tolerance) is also checked for all the variables. VIF values 
above 10 would be a concern (recommended) sometimes but not always as they indicate 
multicollinearity. The collinearity statistics shown in Table 7.4 indicate that the VIF values 
of Mc and resistivity are very high. There are many ways to control the VIF values: 1) by 
increasing the sample size, 2) by removing a redundant variable or variables, 3) overlapping 
similar variables into one variable. However, considering the R square, significance, normal 
distribution (histogram) and the normal probability plot (P-P) of the residuals, variables with 
high values of VIF can be kept. Therefore, they are not omitted from the model. 
Table 7.4 Coefficient for proposed equation of 7.2 
Model 
Unstandardized 
Coefficients 
Standardized 
Coefficients Collinearity Statistics 
B 
Std. 
Error Beta Tolerance VIF 
(Constant) 19.611 11.54       
pH -.007 .027 -.056 .844 1.185 
Mc -.358 .213    -12.672 .001 1435.329 
Time (T) .146 .039 .778 .933 1.072 
Resistivity 
(R) -.684 .400 -12.961 
.001 1438.109 
 
For more clarity, and to obtain the actual correlation values between corrosion depth and the 
individual variables of the model, Pearson correlations were obtained from the software. The 
Pearson correlation matrix is shown in Table 7.5. The value of the correlation coefficient is 
between í1 to 1; 1 suggests that a linear equation defines a perfect and direct relationship 
between X (independent variable) and Y (dependent variable), which implies that 
Y increases with the increase in X and all the data points lie on the linear line. In contrast, í1 
means that if X increases then Y decreases and 0 means there is no linearity correlation 
between the variables. Table 7.5 shows that the highest correlation is for time, i.e., 0.775, 
followed by Mc with 0.429. The variable pH is positively correlated with corrosion depth 
(0.125), and resistivity is negatively correlated with depth, having a Pearson correlation of -
0.435. Moreover, Table 7.5 shows the interrelationship of the variables. In the table, it can be 
seen that corrosion pit depth has a good correlation with the independent variables. 
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Table 7.5 Correlations between variables 
    
Corrosion 
depth pH Mc Time Resistivity 
Pearson 
Correlation 
Corrosion 
depth 1.000 .125 .429 .775 -.435 
pH .125 1.000 .178 0.000 -.188 
MC .429 .178 1.000 .200 -1.000 
Time .775 0.000 .200 1.000 -.195 
Resistivity -.435 -.188 -1.000 -.195 1.000 
 
7.3.2 Models for corrosion rates  
This section describes the models developed for the prediction of corrosion rates as a 
function of acidity, saturation, and resistivity, and as a function of acidity and saturation with 
time only. A model of corrosion rates as a function of the elemental change due to corrosion 
is also presented. The data for these models were again taken from the experimental results. 
The model development and the rationale are explained below. 
Corrosion rates as a function of pH, moisture content, and resistivity. The 
input parameters for this model are provided in Table 7.6. The independent variables were 
pH, moisture content, resistivity and time, while corrosion rate was the dependent variable. 
These variables were the same as those for the corrosion depth models. In this model, the 
time was in days due to the availability of more data points. After running standard multiple 
regression in SPSS, the model was developed using unstandardized coefficients as follows: 
            ൌ ͲǤͲͲͲͳ ൈ  െ ͲǤͲʹ ൈ  െ ͲǤͲͳʹ ൈ  െ ͲǤͲͶ ൈ  ൅ ͳǤ͵ͳ͸                    (7.4) 
where, CR= corrosion rate (mm/yr), T= Time (days), and R= resistivity (-cm). 
The R square of 0.691 with a standard error of 0.017 was found. Moreover, the sum of the 
square of residuals and mean square was also found to be 0. The significance of the model 
was found to be 0.013, which is less than the threshold value of 0.05. In addition to these 
checks, the normal distribution of the regression standardized residuals and normal P-P plot 
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with almost all the points along the diagonal line further strengthen the assumption that the 
proposed model is a linear multiple regression model.  
Table 7.6 Input parameters for corrosion rate model of cast iron 
Corrosion 
rate pH 
Moisture 
content Resistivity Time 
0.14 2.5 20 18.1 180 
0.11 2.5 20 18.1 360 
0.08 2.5 20 18.1 545 
0.1 3.5 20 18.3 180 
0.11 3.5 20 18.3 360 
0.08 3.5 20 18.3 545 
0.09 5 20 18.01 180 
0.12 5 20 18.01 360 
0.07 5 20 18.01 545 
0.14 2.5 10 23.46 180 
0.12 2.5 10 23.46 360 
0.07 2.5 10 23.46 545 
0.07 5 10 23.46 180 
0.07 5 10 23.46 360 
0.06 5 10 23.46 545 
 
Corrosion rate as a function of acidity and saturation. Similar to the corrosion 
depth model, another model for corrosion rate omitting resistivity was developed. By taking 
the coefficients from SPSS of the new model, the following expression was derived; 
 ൌ ͲǤͲͲͲͳ ൈ  ൅ ͲǤͲͲͳ ൈ െ ǤͲͳͳ ൈ  ൅ ͲǤͳͷ͸                                       (7.5) 
The R square of the model was found to be 0.67 with a significance of 0.005, which is much 
less than 0.05. By omitting R, the VIFs for all the variables were found to be well below the 
threshold value.   
The above models can predict the corrosion rate of pipes in the field if the same conditions 
prevail as those in the current research. Such models can predict sectional loss or the loss of 
wall thickness of cast iron pipes and will be very useful for the service life prediction of cast 
iron pipes.  
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Corrosion rate as a function of element change. According to the experimental 
observations in the present research, elemental change in the cast iron was observed in soils, 
and simulated soil solutions, as presented in Chapters 4 and 5 respectively. Based on this 
knowledge, a model is proposed which can predict corrosion rates concerning elemental 
change on the exterior surface of buried pipes over time. The input data used for modelling 
are taken from Tables 4.1 in Chapters 4, and Figure 5.7 shown in Chapter 5. In brief, there 
are seven independent variables, i.e., Fe, Cr, Si, P, Mn, S, and t (time) and the dependent 
variable ia corrosion rate. The number of specimens analyzed was 24. The first model 
generated had the high R square of 0.92, but due to high tolerance and VIF values of O and 
Cl, these two elements were omitted from the model. Using independent variables (i.e., Fe, 
Cr, Si, P, Mn, S and t (time) and the corrosion rate as the dependent variable, a model was 
developed in SPSS. The model equation (Eq. 7.6) is as follows: 
 ൌ ͲǤͲͲͳ ൈ 	 െ ͳǤͳ͹ ൈ  ൅ ͲǤͲʹͶ ൈ  െ ͳǤͷʹ͵ ൈ  െ ͲǤͳ͹ ൈ  ൅  ൈ ͳǤͳͺͻ ൅
ͲǤͲ͵ͷ ൈ  ൅ ʹͷǤͳͺ͹                                                                                                        (7.6)   
where CR= Corrosion rates in mm/yr, and  T= time in days  
The model R square of 0.871 was found with a very low estimated standard error of 0.0081. 
ANOVA analysis was also carried out for this model. Based on this analysis, it was found 
that the significance of the model is well within the limits and the sum of squares and mean 
squares were all nearly zero.  
Another model considering chloride and oxygen diffusion to the exterior surface was 
developed. From the first run in SPSS high VIF values of oxygen and time were obtained. 
Since oxygen is the integral element of corrosion, it was kept in the model and time was 
removed. Removal of time from the model was justifiable, as chloride and oxygen content 
on the metal surface can only increase with time in a corrosive environment.  
After performing all the checks, using the coefficients obtained from the model, the 
following Eq. 7.7 was developed: 
 ൌ ͲǤͲͲͳ ൈ 	 ൅ ǤͲͲͷ ൈ  െ ǤͲͲ͸ ൈ  െ ͲǤͺ͵͹ ൈ  ൅ ͲǤͲͳͳ ൈ  െ ͲǤͲͺͷ ൈ  െ
ǤͳͲ͹ ൈ  ൅ ͲǤͲ͵ͻ                                                                                                                (7.7)     
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The R square value of the new model was found to be 0.873 with a significance of 0.0001 
being much less than 0.05. The standard error, residuals, and sum of square were found to be 
nearly 0.  
In summary, these models related to the influence of corrosion on compositional change are 
the first of their kind. These models may prove to be extremely useful for engineers or 
consultants in many ways. First, if they need to find the corrosion rates of metals to predict 
future deterioration, simply by doing the element analysis they can predict the corrosion 
rates. Secondly, if the elemental composition of a metal is known and it is exposed to a 
corrosive environment where it is difficult to measure in situ corrosion rates, or the 
instruments necessary to measure corrosion rates are not available, such models can be a 
beneficial tool for the  prediction of corrosion rates. 
Corrosion depth as a function of corrosion rate. The process of measuring depth 
requires visual inspection and the accurate measurements of pits. This process can be 
simplified  if a model is generated which can convert the corrosion rate into the corrosion 
depth. Therefore, a model of corrosion depth as a function of corrosion rate was created 
based on the experimental data. The corrosion maximum pits and the corrosion rate 
measurement of cast iron in soils are described in Chapter 4 (see Figure 4.14). Using these 
data an empirical relation (Eq. 7.8) between the maximum pit depth and the corrosion rate 
was developed with R2 = 0.9969 with statistical significance of 0.00000 and nearly zero 
standard estimates as follows: 
                                                     ൌ ͲǤͲͲ͵ͻ ൈ ହଶǤଷଷଵൈୈ                                            (7.8) 
where,  = corrosion pit depth (mm) and  = corrosion rate (mm/yr) 
This model can help engineers and asset managers with the prediction of pipe failure if the 
corrosion rates are known, which can be measured for buried pipes in the field, for example 
using LPR. 
7.3.3 Models for candidate fracture toughness of cast iron 
This section presents the three models generated for the change in candidate fracture 
toughness (KQ) of cast iron specimens buried in soils of varying acidity and saturation. The 
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first model is related to the effect of test variables on KQ. The second model is related to the 
change in KQ as a function of corrosion rates along with soil parameters. The third model is 
related to the change in KQ due to the change in elements of the cast iron in corrosive soil 
conditions. These models may prove to be beneficial to the industry as if the corrosion rates 
of cast iron in the field and the key properties of the soil in which the pipes are buried are 
known, the KQ of the pipe can be estimated. Hence, how much time a pipe will take to 
rupture or when a sudden catastrophic failure of cast iron pipes in soil will occur can be 
calculated. 
KQ as a function of test variables. From the experimental findings, a model for the KQ 
of cast iron specimens buried in soils of varying acidity and saturation over time was 
developed using SPSS. The independent variables of the model are acidity (in terms of pH), 
time, saturation (in terms of moisture content) and the dependent variable is KQ. The data 
input in SPSS for developing all models for KQ are shown in Table 7.7. Using the 
coefficients obtained from the analysis in SPSS, the following equation (7.9) was obtained: 
 ൌ െǤͲͲ͸ ൈ  െ ͲǤͲͷͶ ൈ  െ ͲǤͲͲͻ ൈ  ൅ ʹ͹Ǥͷͷͻ                                                (7.9) 
where, KQ =candidate fracture toughness in MPa ā m1/2, and  Mc= moisture content in %, 
T=time in days 
The R square of the model was found to be 0.92. The standard error estimate of the model 
was 1.3. One-way ANOVA analysis of the model was also conducted in SPSS. From this 
analysis a significance value of much less than 0.05 was obtained, indicating that the 
proposed model is accurate  in the prediction of KQ. Moreover, all checks indicated the 
linearity of the model. 
Table 7.7 Input parameters for KQ of cast iron  
Acidity 
(pH) 
Moisture 
content 
(Mc) (%) 
KQ                
( MPa.m0.5 ) 
CR 
(mm/yr) 
Time 
(Days) 
5 
20 
24.47 0.094 180 
24.14 0.12 365 
20.54 0.08 545 
2.5 24.53 0.137 180 
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23.8 0.113 365 
21.8 0.08 545 
3.5 
24.36 0.102 180 
22.949 0.112 365 
20.46 0.07 545 
5 
10 
24.63 0.074 180 
24.22 0.075 365 
21.67 0.06 545 
2.5 
24.63 0.138 180 
24.34 0.119 365 
21.73 0.07 545 
 
 
 
KQ as a function of soil properties. It is interesting to know how KQ changes with 
corrosion rates, as in-field corrosion rates and soil parameters are easy to measure, but it is 
difficult to measure fracture toughness, as it can only be determined by mechanical testing. 
Considering this gap, a model was generated using the data presented in Table 7.7. The 
model is as follows:  
 ൌ െͲǤͲͲͻ ൈ  െ ͲǤͳ͸Ͷ ൈ  െ ͲǤͲͷͶ ൈ  ൅ ʹ͹Ǥͷͷͻ                                           (7.10) 
The R square of the model was found to be 0.912 with high significance, of 0.0002 and a 
very low standard estimate of error of 0.714. Moreover, no multi-collinearity among 
variables was seen, as the VIFs were under control. Hence, all the checks of linearity were 
verified.  
KQ as a function of element change. Considering the change in the composition and 
the corresponding change in fracture toughness with time due to corrosion, a model was also 
developed in SPSS. The input parameters (shown in Figures 4.7 & 4.19 of Chapter 4, 
Figures 5.2 & 5.7 of Chapter 5, and Figure 6.10 of Chapter 6)  of the model were the CRs, 
KQ values obtained at designated times and the changes in composition of specimens in soil 
and solutions. The independent variables were corrosion rates, Fe, Time, S, Cr, P, Mn and 
Si, and the dependent variable was KQ. Using the unstandardized beta values obtained from 
SPSS, Eq. 7.11 was developed: 
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 ൌ ʹǤͷͺ͸ ൈ  െ ͲǤͲͲͺ ൈ  ൅ ͲǤͲ͹͹ ൈ 	 െ ͳ͸Ǥ͵Ͳͺ ൈ  െ ͷǤͻͳͺ ൈ  െ ͳǤͲͻͷ ൈ  െ
ͳǤ͹ͺͻ ൈ  െ ͲǤͲ͵͹ ൈ  ൅ ʹͳǤͲͲͳ                                                                              (7.11) 
The R square of the model was found to be 0.986 and the standard error estimate was found 
to be much less i.e., 0.86. ANOVA analysis of the model was also carried out. From the 
ANOVA, the significance was found to be 0.028 i.e., p< .05, and the residual and mean 
square were also very low. As with the other models, linearity and no multi-collinearity 
checks were performed.  
Since there may be difficulty in finding the corrosion rates and the time when cast iron pipes 
were buried, the existence of a model that can predict the KQ simply by measuring the 
elemental composition will be very useful to the industry. Considering this gap, a model was 
developed in SPSS that can predict the KQ of cast iron based on its current composition. The 
model equation (7.12) is as follows: 
 ൌ ͲǤͲ͹ʹ ൈ 	 െ ͹Ǥ͵ͷͷ ൈ  ൅ ͲǤͷͷ͹ ൈ  ൅ ͲǤ͹ͳͳ ൈ  െ ʹͻǤ͹ͳͷ ൈ  െ ͲǤͺ͸ͳ͸ ൈ  ൅
ͳǤ͹͵͹ ൈ  ൅ ͳͺǤʹʹ                                                                                                        (7.12) 
The R square of the proposed model was found to be 0.893. Moreover, the standard error 
was 0.85 and there was no multi-collinearity as all the variables indicated VIF values well 
below the threshold limit of 10 i.e., 1.1-7.52.  
7.3.4 Models for correlation of cast iron 
This section presents the correlation models developed for cast iron specimens. Two models 
were developed for cast iron; the first was a correlation of corrosion in soil and simulated 
soil solutions and the second model was the corresponding corrosion effect on the fracture 
toughness of cast iron in these two media.  
Corrosion in soil and simulated soil solution 
The analysis of the comparison between corrosion of cast iron in soil and simulated soil 
solution was discussed in Chapter 5 (Figure 5.3). A statistical correlation between the 
average values of the corrosion rates obtained from the specimens in soils and simulated soil 
solution was made. The corrosion rates of the specimens in 80 % saturated soils with the 
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same pH as that of the simulated soil solutions were compared because of the similar water 
content of both the corrosion media. For this reason, the corrosion rates in dry soil are not 
compared and correlated.  
Table 7.8 Input parameters for correlation between corrosion in soil and simulated soil 
solution 
Acidity  
(pH) 
CR in 
soil 
(mm/yr) 
CR in solution 
(mm/yr) 
Time 
(yr) 
2.5 0.137 0.117 0.5 
2.5 0.113 0.094 1 
3.5 0.102 0.087 0.5 
3.5 0.112 0.083 1 
5 0.094 0.086 0.5 
5 0.119 0.102 1 
 
 
For developing a correlation model in SPSS, the independent variables were the pH, 
corrosion rates in simulated soil solution and time. The dependent variable was taken as the 
corrosion rates of specimens in real soil. The input parameters of the model in SPSS are 
shown in Table 7.8. The equation for the correlation between corrosion rates in soil and 
simulated soil is as follows: 
 ൌ ͲǤͻ͹͹ ൈ  ൅ ͲǤͲͳͶ ൈ  െ ͲǤͲͲ͵ ൈ  ൅ ͲǤͲʹͳ                  (7.13)    
The R square of the model was found to be 0.913 with a standard error estimate of .007. 
Based on ANOVA analysis, the residuals and their mean square were found to be zero. In 
addition, no multi-collinearity existed as the tolerance and VIF values were below the 
threshold values between 1 and 1.5.  
The above equation can potentially eliminate the lengthy, complex and laborious testing of 
metal in soil by replacing it with simulated soil solution, which is easier and more 
convenient in laboratory practice. 
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Candidate fracture toughness of cast iron in soil and simulated soil 
solution 
The influence of corrosion on the KQ has been discussed in earlier sections. In this section 
the correlation of KQ of cast iron in soil and simulated soil solution is presented. The input 
parameters (shown in Figure 6.10 of Chapter 6) for this model were KQ of cast iron in 
solution, pH and time as independent variables, while the KQ of cast iron in soil was the 
independent variable. The model equation generated using the unstandardized coefficient 
from SPSS is as follows: 
            ሺሻ ൌ െͺǤ͵͹ͷ כ ሺሻ െ ͲǤͲ͸ͳ ൈ  െ ͲǤͳͳͻ ൈ  ൅ ʹͷͳǤͻͻ͵           (7.14)   
where, ሺሻ is the fracture toughness in soil and ሺሻ  is the fracture toughness in 
solution. 
The R square of the model was found to be 0.971. The significance and VIF values were 
slightly higher than normal. However, the higher value of R square of the model suggests its 
strength and efficacy.  
7.4 MODELS FOR MILD STEEL AND DUCTILE IRON 
This section presents the corrosion models developed for the prediction of corrosion rates of 
mild steel specimens immersed in simulated soil solutions of 2.5 and 5 pH. The first model 
developed can predict the corrosion rates of specimens in solutions of varying acidity with 
time. The second model can predict corrosion rates if the elemental variation due to 
corrosion is known. For these two models, the input data were taken from the experimental 
results shown in Figures 5.8 and 5.14 of Chapter 5.  
7.4.1 Models for corrosion rates of mild steel  
Corrosion rates as a function of acidity. Using the coefficients obtained from the 
standard regression in SPSS, the following Eq. (7.15) was developed: 
            ൌ ͲǤͲͲͲ͵Ͷ ൈ  െ ͲǤͲͳͷ ൈ  ൅ ǤͲ͹ͳ                                                            (7.15) 
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where, CR= corrosion rate in mm/yr, and T= time in days 
The R square of the model was found to be 80.9 % with a standard error of 0. The 
significance of the model was found to be slightly high at 0.083, slightly more than 0.05. 
However, the residuals and mean squares were found to be 0 based on ANOVA. Moreover, 
the VIF values for the independent variables (two only in this model) were found to be 1, 
despite the small sample size of 6. Since this research was carried out for one year, during 
which a reduction in corrosion rates was not observed, there is the possibility of some 
limitation in the predictive ability of this model for long-term exposures. 
 Corrosion rate as a function of element change. As with cast iron, a model of the 
effect of corrosion on the elemental composition of mild steel was also developed. The input 
parameters for the model were taken from the results in Chapter 5 (shown in Figure 5.11). In 
brief, the input parameters were Fe, Cl, Mn, O, Si and Cr and corrosion rates. After running 
a standard multiple regression in SPSS, the following equation (7.16) was developed: 
 ൌ ͲǤͲͷ͹ ൈ 	 ൅ ͹Ǥ͸͵͵ ൈ  ൅ ͹Ǥͺͺ͹ ൈ  ൅ ͲǤͲͷͷ ൈ  ൅ ͹Ǥͳ͸ͻ ൈ  െ ͳͺǤͷͻ ൈ  െ
ͳʹǤͷʹ                                                                                                                               (7.16) 
The R square of the model was found to be 0.978. In addition, the significance was 0.0001, 
which is much less than 0.05, and the standard error of 0.19 was almost zero. These checks 
show the strength and effectiveness of the model. Moreover, from ANOVA, the sum of the 
square of residual and regression were found to be 0.36 and 34.449 respectively, which are 
small values. From Fe, O and Cl high values of VIF were obtained, but considering the other 
parameters, these variables can be kept in the model.  
It is worthy of mention that the Pearson coefficients obtained from the model can show the 
contribution and correlation of each of the variables to the corrosion rates. From the model, 
all of the variables except Cr and Mn were found to be in the range of 89-97 % correlated 
with corrosion rates. Cr and Mn were found to be 58.6 and 66.64 % respectively correlated 
with the corrosion rate of the steel. 
Hydrogen as a function of corrosion rates. The relation between hydrogen and 
corrosion rates over time (T in days) was also developed from the experimental findings in 
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the current research on mild steel (Chapter 5, Section 5.5.1). The equation derived from the 
coefficient obtained from the SPSS model for the short-term study (refer to Figure 5.17 (a)  
of Chapter 5) is as follows: 
 ൌ ͲǤͳ͵ͻ ൈ  ൅ ͲǤͳͶͳ ൈ ሺሻ ൅ ͲǤͲͺͺ ൈ ሺሻ ൅ ͲǤͲ͹͸                                        (7.17) 
The R square of the model developed was found to be 0.774 that of the short-term study. In 
addition, the significance was 0.0001<<0.05 , and the standard error estimate was zero. VIF 
and other checks were found to be within the limits.  
The equation for the long-term including the short-term results (Figure 5.17 of Chapter 5) 
was also developed with R square of 0.44, which is reasonably acceptable. The equation is 
as follows: 
 ൌ ͲǤͷʹͻ ൅ ͲǤͲͲͶͳ ൈ ሺሻ ൅ ͲǤ͵͵͵ ൈ ሺሻ ൅ ͲǤ͸ͷͶ                                          (7.18) 
Through the above equation, it would be possible to estimate the hydrogen concentration of 
the buried mild steel pipes in the field. 
7.4.2 Models for candidate fracture toughness of steel 
KQ as a function of pH. In this section, using the average values of KQ of steel with 
time, a model is developed using SPSS. The input parameters of the model are shown in 
Table 7.9, which shows the pH values and the corresponding KQ with time. After performing 
all the linearity checks, the following model was developed using unstandardized 
coefficients: 
                 ൌ ʹǤ͹Ͷ ൈ  െ ͲǤͲ͹ ൈ  ൅ ͳ͸ͳǤʹͲ                                                        (7.19)                       
where T= time in days.  
The proposed model has an R square of 0.915 with a standard error estimate of 14.37.  
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Table 7.9 Input parameters for KQ model of steel 
pH days KQ 
2.5 180 157.575 
2.5 365 138.645 
5 180 166.618 
5 365 149.954 
2.5 0 169.800 
5 0 169.800 
KQ as a function of corrosion rate. Corrosion rates can be measured on site along with 
the soil properties in which steel pipes are laid out. However, KQ is impossible to find 
without testing. Therefore, a model for predicting KQ as a function of the time and corrosion 
rates was developed in SPSS. Using the coefficients obtained from the model, Eq. 7.20 was 
developed as follows: 
 ൌ െͲǤͲͷ͹ ൈ  െ ͵ͺǤͺͻͺ ൈ  ൅ ͳ͹ʹǤͲͺ                                                              (7.20) 
The R square of the model was found to be 0.84. Another model for KQ of steel 
incorporating pH and corrosion rate was also developed as follows:    
 ൌ െͲǤͲͺͳ ൈ  ൅ ͵ʹǤͲͻ͵ ൈ  ൅ ͵ǤͳͺͶ ൈ  ൅ ͳͷͺǤͻͺͳ                                     (7.21)                       
The R square of the model was found to be 0.92.  
KQ as a function of elemental change. A model for KQ as a function of the element 
change was developed The input parameters of the model were Fe, Si, Cr, Mn, Cl and the KQ 
of the steel was the dependent variable. The input parameters of the model are shown in 
Table 7.9 (KQ) and Figure 5.11(element change) of Chapter 5. The developed model is as 
follows: 
 ൌ െ͵ͻͻǤͳʹ ൈ  ൅ ͶͺǤͶͷͻ ൈ  െ ͲǤ͵ͲͶ ൈ 	 െ ͳͺͶǤ͵ ൈ  ൅ ͷͳǤͺ͸͹                                                
                                                                                                                                           (7.22)                       
The R square and the significance of the model were found to be 1 and 0.0001 respectively, 
indicating the reliability and predictability of the model. There were some problems with 
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other checks due to the small sample size, and Cl was removed from the model for this 
reason. The R square of the model was found to be 1.  
7.4.3 Model for corrosion of ductile iron  
A simple corrosion model was developed for the prediction of corrosion rates of ductile iron 
for specimens in simulated soil solutions of 2.5 pH for a period of one year. The analysis of 
the corrosion rates was presented in Chapter 5 (Figure 5.14). Note that a model for the 
prediction of corrosion rate by knowing the element change was not developed due to the 
small data set. The following Eq. (7.23) was developed for the prediction of corrosion rates 
of ductile iron over time: 
 ൌ ͲǤͲͲͲ͵͸ ൈ  ൅ ͲǤͲͳʹ                                                                                           (7.23)       
where CR= corrosion rates in mm/yr, T= time in days  
The R square of the model was found to be 0.912. The residual and regression sum of the 
square were also found to be zero in the ANOVA analysis of this model.  
7.4.4 Model for candidate fracture toughness of ductile iron  
A simple linear model for the relation between KQ and pH of solution can be seen in Figure 
6.12 of Chapter 6. A model for KQ of ductile iron as a function of corrosion rates with time 
was also developed in SPSS. The data for this model were taken from Chapters 5 (Figure 
5.14) and 6 (Figure 6.12).  
   ൌ െͲǤͲͳͻ ൈ  െ ͳʹǤ͵ͳͷ ൈ  ൅ ͶͲǤͷ͹͹                                                              (7.24) 
where CR= corrosion rates in mm/yr, T= time in days  
The R square of the model was found to be 0.951. 
7.5 MODELS FOR YIELD STRENGTH OF STEEL 
Using the results of corrosion rates and changes in composition with time, models were 
developed correlating corrosion and the yield strength of steel. For the development of 
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models of yield strength as a function of corrosion rates and elemental change, the input 
parameters used are shown in Table 7.10. In this table, the corrosion rates, Fe, Cl, Cr, Si, 
Mn, pH and time in days were the independent variables,  and the yield strength of steel was 
the dependent variable.  
Table 7.10 Input parameters for the model of yield strength of steel 
pH Fe Cl Mn O Si Cr 
Cor.rate 
(mm/yr) Days 
Yield 
(Mpa) 
2.5 98.96 0 0.491 0 0.61 0.081 .000 0 347.489 
2.5 98.96 0 0.491 0 0.573 0.063 .145 7 331.4 
2.5 98.96 0.049 0.491 0 0.53 0.053 .148 14 324.163 
2.5 90.56 0.186 0.474 0 0.474 0.051 .149 28 341.56 
2.5 84.56 0.257 0.417 14.56 0.477 0.05 .140 180 287.7 
2.5 66.56 0.37 0.357 25.83 0.427 0.05 .150 365 278.64 
5 98.96 0 0.491 0 0.61 0.08 0 0 347.489 
5 98.96 0 0.491 0 0.6 0.066 .056 7 333.141 
5 98.96 0 0.491 0 0.61 0.059 .066 14 338.19 
5 98.73 0 0.491 0 0.58 0.053 .070 28 342.76 
5 91.19 0.06 0.431 5.58 0.577 0.051 .080 180 327.9 
5 81.52 0.13 0.357 15.2 0.567 0.05 .100 365 322.9 
0 98.73 0 0.491 0 0.61 0.08 .000 0 347.489 
0 82.236 0.478 0.431 13.258 0.437 0.06 3.019 7 327.478 
0 68.14 1.1 0.401 28.6 0.229 0.053 4.230 14 323.946 
0 58.6 1.36 0.29 38.27 0.155 0.033 6.930 28 288.3 
-0.48 98.73 0 0.491 0 0.61 0.08 .000 0 347.489 
-0.48 75.18 1.07 0.389 21.3 0.267 0.056 5.320 7 306.381 
-0.48 62.83 1.65 0.331 34.1 0.218 0.05 7.880 14 289.858 
-0.48 51.61 1.866 0.386 46.08 0.14 0.035 11.150 28 214.483 
 
Yield strength as a function of corrosion rates.  Using the inputs in Table 7.10, a 
model was developed for yield strength as a function of corrosion rates as follows: 
  ൌ െͲǤͳ͵ʹ ൈ  െ ͺǤ͸ͶͶ ൈ  ൅ ͵ͶͶǤͲ͸ͻ                                                                  (7.25) 
where Y= yield strength in MPa, T= time in days  
The R square of the above model came out to be 0.79, a low standard error estimate of 
15.997, and the model had high significance of 0.000002.  This model satisfied the VIF and 
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tolerance values and all the linearity checks. In addition, a model for yield strength 
incorporating pH and corrosion rates was also developed as follows: 
   ൌ െͲǤͳ͸ ൈ  െ ͻǤͳʹͶ ൈ  െ ͳǤͲ͹͸ ൈ  ൅ ͵ͶͺǤ͸ʹʹ                                           (7.26) 
The R square of the model was found to be 0.801 with significance of .001. The VIF and 
tolerance values were within the limits. Moreover, this model fulfilled all the linearity 
checks. 
Yield strength as a function of element change. The model developed using 
unstandardized coefficient is as follows: 
 ൌ ʹǤͳͻ͹ ൈ  ൅ ͳǤͺͺ͹ ൈ 	 െ ͷͷǤ͹Ͳͳ ൈ ܥ݈ െ ͵͹͹Ǥ͸ʹ͸ ൈ  െ ͳ͹ͶǤͲͷ ൈ  ൅
ͳͲͲ͵ǤͷͶͶ ൈ  െ ͲǤͲͻͻ ൈ  ൅ ͵͹ͲǤͳ͹                                                                            (7.27) 
where Y= yield strength in MPa, T= time in days, and the elements are in percentages. 
The R square of the developed model was found to be 0.86 with a significance of 0.0003, 
which is as much less than the threshold p<0.05. In addition, a standard error estimate of 
15.525 was obtained, which was very small. The tolerance and VIF values of some of the 
elements were found to be above the threshold values, but considering the significance and 
high R square, these values were not taken into consideration.  
The above equation developed in the current research is a contribution to previously 
developed models (not discussed here) for the yield strength of mild steel. The equation may 
be very useful for the service life prediction of not only pipes but all steel structures. 
7.6 SUMMARY 
This chapter has presented models developed in this study based on experimental findings. 
The new corrosion model presented in this chapter is based on the chemical and physical 
properties of the soil responsible for causing changes in the corrosion rate. In addition, a 
correlation model for soil and simulated soil solution for the corrosion rates of cast iron is 
also proposed. It is expected that, by virtue of the correlation model, experimentation on the 
corrosion of metal pipes using simulated soil would be a convenient way of representing real 
285 
 
soil. Moreover, it is also expected that these two models will be effective in the prediction of 
the corrosion rates of buried pipes in the field, which in turn will help asset managers to 
decide when to do repair and maintenance. 
The influence of corrosion on the elements and the KQ of cast iron specimens was 
investigated, and models were developed. The models explain how corrosion influences 
fracture toughness by reducing the compositional elements. These models can predict the 
catastrophic failure that can occur due to the reduction of KQ of cast iron pipes. Moreover, a 
correlation model for KQ of cast iron in soil and simulated soil was also developed. In 
addition, a model for the KQ of steel was also developed. In addition to the KQ, a model for 
the yield strength of steel taking into account corrosion rates and elemental change was also 
developed. Finally, the models proposed in the current research are the first of their kind and 
may prove to be very useful in the field for the asset managers and owners of pipes. By 
applying such models, the sudden failure of cast iron pipes and the remaining service life of 
steel pipes can be predicted with reasonable accuracy. 
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CHAPTER 8 CONCLUSION AND RECOMMENDATIONS 
8.1 CONCLUSION 
This section summarizes the main findings of the research presented in detail in Chapters 4, 
5, 6 and 7.  
Corrosion of cast iron in soil 
1. The corrosion rates in terms of icorr and mass loss of cast iron specimens in soils of 
varying acidity (pH = 2.5, 3.5 and 5) and high saturation (80 %) showed similar 
results before 180 days. The corrosion rates were found to be directly proportional to 
high acidity, following the trend of 2.5>3.5>5 pH, in highly saturated soils before180 
days. However, after 180 days the corrosion rates of the specimens decreased in 
highly acidic soils, and increased in soils of low acidity and high saturation at 365 
days of corrosion.  
The corrosion rates of the specimens in soils of high acidity and low saturation (40 
%) were also found to be high initially and then reduced in a similar manner to those 
in highly saturated soil conditions of same acidity. The corrosion rate of cast iron in 
soil caused by sulphate reducing bacteria (Desulfovibrio desulfuricans) in an 
anaerobic environment was found high (0.311 mm/yr) compared with that in the 
culture medium (0.113 mm/yr). 
2. The maximum corrosion pit depth measurements of cast iron revealed that the long-
term coupled effect of low acidity and high saturation of soil induced maximum 
pitting in comparison with other soil conditions. The maximum corrosion pit depth of 
specimens caused by sulphate reducing bacteria in soil was found to be 0.4 mm after 
365 days. This maximum pit depth was almost equal to the maximum pit depth of the 
specimens buried in highly acidic soil for 545 days, indicating the severity of the 
localized reaction caused by bacteria in soil.  
3. Models for corrosion rate (CR) and maximum corrosion pit depth (Cpit) as a function 
of pH and moisture content (Mc) with and without resistivity (R) of the soil were 
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developed with R2 > 0.9. A model for Cpit as a function of CR was also developed 
with R2 = 0.99.   
4. Through element compositional analysis, a progressive reduction of the iron (Fe) 
content and the intrusion of oxygen (O) and chloride (Cl) on the exposed surface of 
all specimens with time was observed due to corrosion. For the other elements, there 
was mixed behaviour, with sometimes a reduction and sometimes an increase over 
time. Cast iron specimens in soil of low acidity and high saturation showed the 
greatest decline in ferrite (Fe), i.e., from 80 % to 52.66 %, and an increase in iron 
oxide from 0 to 28.3 %, followed by specimens in the same soil of high acidity after 
545 days. Moreover, models for corrosion rates of cast iron specimens in soil as a 
function of elements change with time were also developed with R2 = 0.873. 
Corrosion of metals in simulated soil solution 
5. The corrosion rates of the cast iron specimens immersed in simulated soil solutions 
were found to be acidity-dependent before180 days. The corrosion rates followed the 
trend of 2.5>3.5>5 pH at 180 days, which was found to be reversed after 365 days 
i.e., the corrosion rates of the specimens in 5 pH increased. A comparison of the 
corrosion rates between the two media indicated that corrosion rates in soils of high 
saturation were 17, 26 and 14 % higher than those in simulated soil solution of 2.5, 
3.5 and 5 pH respectively after 365 days. A correlation model for the corrosion rates 
(CRs) of cast iron specimens in soil (CRsoil) and in solution (CRsolution) over time was 
developed with R2 =0.913. 
6. The high acidity of the simulated soil solution caused greater change in the elemental 
composition and phases of ductile and mild specimens as compared to specimens in 
lower acidic simulated soil solutions.  
7. Models for the corrosion rate of cast iron and mild steel as a function of elemental 
change were developed with and without time as an independent variable with R2 
ranging from 0.853-0.92. 
Effect of corrosion on the mechanical properties of pipes 
8. The candidate fracture toughness of all the corroded cast iron specimens buried in 
soils of varying acidity and saturation conditions showed a significant reduction after 
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545 days in all the soil conditions. The candidate fracture toughness of the cast iron 
reduced more in soils of low acidity (3.5 and 5 pH) compared with highly acidic (2.5 
pH) saturated soils. The largest reduction in fracture toughness was almost 17 % in 
low acidic soils (pH = 5) with high saturation (80%) after 545 days. The candidate 
fracture toughness of cast iron buried in soils of low saturation with varying acidities 
(high and low) showed a reduction of almost 12 % after 545 days.  
The fracture toughness of cast iron specimens was found to be reduced by nearly 
16.19 % due to microbial corrosion in soil after 365 days.  
9. Fracture toughness models for cast iron were developed as a function of pH and 
moisture content of soil with R2 = 0.92. In addition, relationships between fracture 
toughness and elemental change in the exposed surface of cast iron were proposed 
with R2 ranging from 0.89-0.98. Moreover, a correlation model for fracture toughness 
in soil and simulated soil solution was also developed with R2 = 0.971. 
10. The CTOD equivalent fracture toughness of mild steel showed a reduction over time. 
The reduction in candidate fracture toughness of the specimens in simulated soil 
solutions of 2.5 and 5 pH was to be 18.65 and 12.03 % after 365 days respectively. 
The CTOD fracture toughness values of ductile specimens also showed a reduction 
in toughness over time. A decrease of 4.83 % was observed in candidate toughness of 
ductile iron after 180 days, which further reduced to 13.62 % after 365 days (in 2.5 
simulated soil solution). The models for the candidate fracture toughness as a 
function of pH of simulated soil solutions were developed for mild steel and ductile 
iron with R2 = 0.85, and 0.951 respectively.  
Model for fracture toughness of steel as a function of element change was also 
developed with R2 = 1. 
11. Corrosion caused a significant reduction in the tensile properties of steel; yield and 
ultimate strengths were 38 % and 50 % reduced in 3M (-0.48 pH) solution 
respectively after 28 days, while in simulated soil solutions of 2.5 and 5 pH the 
change in the yield strength of mild steel was 17.5 and 5 % after 365 days 
respectively. An empirical relation for the prediction of the yield strength of steel as a 
function of pH was developed with R2 = 0.79. In addition change in yield as a 
function of pH and elemental change was also made with R2 = 0.861. 
12. A linear relationship between hydrogen concentration and corrosion rates was found 
in the initial period of corrosion for all the specimens at 28 days. However, in the 
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long-term tests, the hydrogen concentration was found to decline, as indicated by a 
Barnacle cell.  
13. Nano indentation tests on all specimens showed a considerable reduction in the 
elastic modulus and hardness at the corrosion-affected areas of specimens when 
series of indents were performed on those areas after 365 days of corrosion. The 
greatest reduction of elastic modulus and hardness was obtained for highly corroded 
areas of cast iron specimens buried in low acidic and highly saturated soil followed 
by highly acidic saturated and low saturated soil conditions after 545 days. 
The elastic modulus of the mild steel specimens of selected nano indents was found 
to be significantly reduced in simulated solution of 5 pH (34 %) and in simulated soil 
solution of 2.5 pH (37.7 %) after 365 days of corrosion with respect to uncorroded 
areas of indents. The reduction in nano-hardness of mild steel at selected points of 
indents was reduced to 31.5 % in 2.5 pH and 12.5 % in simulated solution of 5 pH 
after 365 days.  
The elastic modulus and hardness of selected corroded nano indents of ductile iron 
was found to reduce after 365 days of corrosion significantly.  
8.2 RECOMMENDATIONS 
Research is a never-ending process; limitations, gaps, modifications, further enhancement 
and improvement are always associated with quality research in any specific field of 
engineering or other non-engineering fields in the modern world. Any research leads to 
future work. Similarly, although the research reported here is a comprehensive study of 
corrosion and its effect on the mechanical properties of buried pipes, it has some limitations 
and constraints due to time and resources. The following few suggestions and 
recommendations are proposed for future studies: 
1. In this study, corrosion of buried cast iron was investigated using clay soil of specific 
particle sizes achieved by sieving. It would be interesting to use different types of 
soils with varying sizes of particles to investigate the effect of particles on the 
corrosion of buried pipes in laboratory-controlled environments. Such experiments 
will yield better and more practical corrosion models that may prove to be extremely 
beneficial for an industry dealing with assets and infrastructure management. 
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2. In the present research, the depth of burial was fixed at 300mm for simplicity in the 
laboratory. In field conditions, pipes are buried at depths at various values. 
Therefore, further experiments should be conducted with varying depths of burial to 
investigate the effect of differential aeration and the corresponding corrosion of 
buried pipes. Moreover, three moisture contents should be used in the future studies.  
3. In the present research, the primary focus was on cast iron pipes, and no experiments 
were conducted on the corrosion of mild steel and ductile iron in soils, with the 
exception of some limited experiments using simulated soil solutions. Therefore, 
similar experiments should be conducted in future using mild steel and ductile iron 
coupons under similar conditions to those adopted for cast iron coupons in this 
research. Moreover, the long-term effect of SRB population on corrosion of buried 
pipes should be investigated in future. However, while performing such experiments 
care should be taken as literature suggests SRB’s growth decline after certain time. 
4. It is recommended to use specimens with thickness satisfying the plane strain 
conditions in future research for determining the effect of corrosion on the fracture 
toughness of the pipeline materials.  
5. In current tests, three specimens were used for each measurement. It would be better 
more specimens, such as five, be used for each time-point test to avoid scattered data 
due to the large variation in corrosion process and fracture toughness measurement 
caused by material inhomogeneity. 
6. Owing to constraints of time and resources, fractography was not performed for all 
the fractured specimens. Therefore, it is recommended in future research to analyse 
the fractured surfaces for micro cracks investigations. 
7. Notch preparation for fracture toughness testing of small specimens is a very 
sophisticated task, and a slight variation of tip angle or radius may generate different 
fracture toughness results, as was found in this research. This has potential for future 
research, as different notches may simulate different pit areas, which may affect the 
fracture toughness of metal specimens.  
8. The current research concerns the impact of corrosion on the mode 1 fracture 
toughness of three ferrous metals. In reality, there is the possibility of mixed-mode 
failure of buried pipes under different conditions of loading or due to environmental 
degradation. It would be interesting to conduct similar research with a mixed failure 
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mode to investigate the effect of corrosion on the mixed-mode fracture toughness of 
metals.  
9. The research methodology adopted in the current study can be extended to marine 
pipelines in future research. The effect of sulphate reducing bacteria in marine 
pipelines and the effect of these bacteria on the mechanical properties of pipelines 
can be an interesting area of research.  
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